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Abstract
Fault current levels are rising across electrical grids globally as grid infrastructure ages,
energy demand increases and energy sources become increasingly decentralised. Utility
operators have mitigated the problem through use of conventional approaches such as
network splitting and grid impedance increases. However, these approaches lead to loss
of supply redundancy and an increase in generation losses. The ideal solution is a
system with minimal operating impedance, cost and energy consumption. Its reaction to
grid-faults must be instantaneous and fail-safe, inserting a level of impedance that
significantly limits the fault current, then instantaneously returns to its low impedance
state once the fault has been extinguished. Numerous technologies have been developed
that meet most of these requirements, though none entirely meets all.
Superconducting Fault Current Limiters (FCLs) are one solution that has been
proposed. Saturated Core FCLs are typically a variant of these, in which a
Superconducting Magnet system is used to magnetically bias the devices steel core(s)
around which coils carrying the grid load current are positioned. Further development of
Saturated Core FCLs is the subject of the research presented in this thesis. The main
disadvantages of devices in this technology class are the physical size and weight of the
devices at distribution and transmission voltage levels, along with the cost of the
superconducting magnet systems used to bias the core steel.
New configurations of Open Core Fault Current Limiters, that eliminate the requirement
for much of the core steel in higher voltage applications, were developed, characterised
and optimised in this work. Novel magnetic arrangements of the AC and DC magnetic
systems were developed to inherently protect the Superconducting DC bias coils, such
that the requirement for expensive and complex electrical and magnetic protection
systems could be reduced. New FCL arrangements providing significantly improved
fault and impedance characteristics were developed. Total DC bias requirement was
reduced to such an extent that much of the complex and expensive superconducting
material and magnet ancillary systems could be eliminated.

xvi

The investigative, research and technical developments made in Saturated Core FCL
technology presented in this thesis, offer significant contribution to fundamental
knowledge in the field. Numerous FCL devices designed around the principles and
functional understanding developed in this work were manufactured and installed in
Utility grids as demonstration projects. Implementation of further developments made
in this work, leading to superior FCL performance, cost and reliability, are being
incorporated in commercialisation projects ongoing in the area.

xvii

1.

Introduction

1.1

Background

As energy demand increases and energy supply sources diversify, ageing electrical grid
systems are becoming increasingly strained and susceptible to the disturbances that
cause damagingly high fault currents to develop. Fault currents are short-circuit currents
that arise when current paths of negligible impedance are introduced in the network.
Common causes of fault currents are electrical insulation failure, conductive bodies
contacting equipment, and voltage surges, amongst other sources. Fault current levels
are rising due to the greater inter-connectivity of modern electricity infrastructure,
increased generation capacity and embedded generation capacity, and an increased
number of parallel connected transformers at sub-stations (which is driven by the desire
to postpone high cost equipment upgrades). Figure 1.1 presents a high-level depiction of
a modern meshed grid comprising shared central and distributed generation with
residential and industrial load centres and storage. The complexity and interconnection
of the grid elements can lead to increased fault levels.

1

Figure 1.1: A depiction of a modern meshed grid containing distributed generation
sources integrated with traditional power generation stations and modern electrical
loads. [1]

1.2

Fault Current Development

Fault current development in power systems can generally be classified into two
categories:
1. Three-phase balanced (bolted) faults and;
2. Unbalanced faults.
Three-phase faults are, in general, the most severe faults and are analysed to determine
the maximum required rating of protection equipment. These can occur as a three-phase
to ground fault (Figure 1.2) or a three-phase line to line or floating fault (Figure 1.3).
Unbalanced faults can be single-phase line-to-ground (Figure 1.4), line-to-line or double
line-to-ground faults. Grounded faults may be protected against by implementation of
Neutral Earthing Resistors [2].

2

Figure 1.2: Schematic of Bolted three-phase to ground short circuit

Figure 1.3: Schematic of Bolted three-phase floating short circuit

Figure 1.4: Schematic of single-phase to ground short circuit
3

Occurrence of a high fault current often precipitates numerous catastrophic outcomes
for the grid and associated equipment (both upstream and downstream of the fault).
Potential damage includes:
•

System voltage reduction in proportion to the short-circuit current magnitude,
with the maximum voltage drop occurring at the point of fault;

•

Arcing and burning occurrence at the point of short-circuit;

•

Network equipment, such as transformers, switchgear, circuit breakers, etc.,
carrying the short-circuit current experiencing severe thermal and mechanical
stress inducing catastrophic failure.

Equipment damage caused by fault currents often results from experience of high
electrodynamic forces and/or thermal failure. Electrodynamic forces exerted are
proportional to current peaks. Whilst electrical grid loads are predominantly resistive in
nature, traditional sources, such as induction generators, are predominantly inductive.
Once a fault occurs and the resistive load is suddenly removed from the circuit, the
inductive nature of the source leads to a large DC offset development in the fault
current. The magnitude of this asymmetric peak depends on the trigger point of wave of
the fault current and is most severe when it occurs on a source voltage zero crossing.
Accordingly, the largest peak electrodynamic forces experienced by equipment are
those developed from a fault occurring at a source voltage zero. The most benign case is
that of a fault occurrence on a source voltage peak, where there is no DC offset and the
asymmetric peak current is equivalent to the steady state condition.
Given the financial consequences of equipment failure for network operators, the
prospect of mitigating damaging fault currents and protecting the grid equipment from
the resulting failures becomes ever more enticing and provides motivation for
development of fault current limiting devices and strategies.

1.3

Mitigation of rising fault current levels

Passive techniques, such as use of high impedance transformers, network splitting,
connecting generation at higher voltage levels, and use of sequential protective tripping,
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are all effective solutions that can be employed to reduce fault current levels. However,
each of these solutions may entail significant disadvantages such as one or more of:
• lowering system reliability;
• increasing operational complexity;
• increasing cost;
• reducing power quality;
• degradation of power system stability [3].
Network splitting to reduce parallel source feed-ins has long been employed to reduce
system fault levels. Circuit breakers and isolators are opened or bus bars split in order to
achieve the network split. This is a readily available and economic solution to fault level
issues. However, network splitting, such as that shown in the grid schematic of Figure
1.5, can significantly reduce the reliability of the electrical system, and many electrical
utilities are increasingly facing resistance from governmental regulators in acceptance
of this solution [1].

Figure 1.5: Network splitting diagram
Additional fault current limiting protection is also commonly achieved using
conventional Current Limiting series Reactors (CLRs), which are similar to
transformers with copper AC coil windings but without the steel, or a non-continuous
steel, core. The main disadvantages associated with conventional series reactors are that
the steady-state impedance of the device is high, leading to undesirable copper and
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reactive power losses, and that there is no switching to a significantly higher impedance
on instance of a current surge. CLRs also have a negative impact on the transient
recovery voltage of breakers operating nearby [4].
High impedance transformers may also be used to reduce system fault current levels.
Again, significant copper and reactive power losses may be incurred, along with high
capital cost (both for the transformer itself and capacitive compensation) [5].
An alternative strategy is to use active fault mitigation strategies to reduce fault levels,
so that the power system can operate to have a relatively high normal operating fault
level. This results in increased power quality and higher overall equipment utilisation.
The actual fault currents could be limited to levels that are within the rating of the
associated electrical equipment, so as to allow safe operation, reliable protection
operation and effective fault clearances on the power system. Some examples of active
Fault Current Limiting (FCL) devices are:
• Explosive IS Limiters and fuses;
• Solid state fault current limiting circuit breakers;
• Superconducting fault current limiters;
• Interphase power controllers;
• Active fault level management [1].
These devices, further explained in Chapter 2, effectively provide small impedance
under normal system operating conditions and an increased impedance during fault
conditions. The installation of FCL devices has the benefit of allowing power networks
to operate with high “normal operating” fault levels (ie with low source impedances),
while limiting the actual fault current at the fault location to levels that allow for safe
operation of existing power system equipment. The implementation of FCL devices
may also provide the opportunity to increase distribution and transmission equipment
utilisation and reduce reinforcement requirements [1].
A Superconducting Fault Current Limiter (sFCL) device, of which there are numerous
different designs, leverages superconductor properties to offer lower operating losses
and insignificant steady state voltage drop in normal operation, while switching to high
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transient impedance (with a response time of less than 1ms) on instance of a current
surge [6]. These devices present a clear technical advantage over many passive FCLs
and fault mitigation approaches. Research into the characterisation and development of
a type of saturated core sFCL forms the basis for this thesis. Typical current curves for a
fault scenario with and without an sFCL are presented in Figure 1.6.
The advantages of an sFCL include:
•

Reduction in destructive effects of high fault current through transformers and
other equipment, thus prolonging performance and life;

•

Enabling of bus coupling which could not otherwise be coupled due to increased
fault levels;

•

Improved voltage regulation as the sFCL presents a significantly lower
impedance than CLRs or high impedance transformers during normal operation;

•

Facilitation of distributed source grid connection by reducing effective fault
contributions to the network;

•

Elimination of issues associated with CLRs, including transient recovery
voltages and high insertion impedances;

•

Avoidance or deferral of capital costs in replacing equipment by prolonging the
use of existing equipment.

Figure 1.6: Example of transient AC response on occurrence of a fault current, with and
without an FCL integration [2]
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There has been considerable research and development attention on development of
various resistive and inductive based sFCL devices [1]. Resistive sFCLs use a
superconductor element implemented as a fast-acting high impedance switch or in
parallel with a resistive or inductive shunt which limits the fault current. [7]. Inductive
sFCLs are based on magnetically saturated core technology, which offers low steady
state impedance and rapid switching to high fault controlling impedance on a current
surge [8]. More detail on the operating characteristics of these FCLs will be provided in
Chapter 2.
Utility acceptance of FCLs is dependent on satisfying the general reliability, robustness
and maintenance standards for equipment incorporation in transmission and distribution
networks, along with provision of reliable fault current limiting capability. Saturated
core sFCL characteristics that address industry requirements include:
•

Self-triggering fail-safe function (i.e. no external sensor or triggering);

•

No interruption of supply when mitigating fault currents;

•

Ability to carry the fault current for the duration of the short-circuit;

•

Ability to handle multiple faults within a short interval;

•

Resettable i.e. self resetting, no human intervention required;

•

Full remote monitoring/data acquisition;

•

Redundancy of DC power supplies.

Whilst sFCLs operating characteristics are largely aligned to the industry requirements,
significant technical challenges remain in their development. Technological
improvement must be three-pronged, addressing Cost, Reliability and Maintenance.

1.4

sFCL Sub-station Integration

Active fault current limiting devices could be built into existing and new-build power
systems to reduce the actual fault currents and negate the need for equipment
replacement. The addition of new generation to existing power systems will increase the
power system fault levels, most predominantly close to the generator connection point.
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It is for this reason that the installation of an sFCL in series with a generator connection
may negate the need for replacement of existing switchgear in a substation by
minimising the fault infeed from the particular generator at the point of common
coupling. sFCLs in series with generators could be applied in industrial, distribution
and transmission systems. As existing system equipment fault ratings sometimes dictate
that new generation connect at higher system voltage levels, the series connected sFCL
could ensure that a more cost-effective lower voltage connection design becomes
practical. In transmission and distribution grids, splitting busbars is a solution often
used to work around high fault level problems. However, this leads to reduced
flexibility in grid operation. Integration of sFCLs in place of this approach restores grid
reliability. Significant savings brought about with the deferral of transformer
replacement/upgrading is a potential benefit that may be achieved with the use of sFCLs
in transmission and distribution sub-stations [1].
Sub-station integration of sFCLs is dependent on numerous factors such as voltage
level, fault current level, the nature of the fault problem and equipment requiring further
fault protection, the acceptable capital cost, and the footprint available per sFCL unit.
One common integration scenario is installation of the sFCL in a bus coupler or bus
section, as shown in Figure 1.7.

Figure 1.7: sFCL integration in a bus section
Installation of an sFCL in the bus coupler or bus section has numerous advantages over
maintaining a split-bus section. Instead of keeping parts of the network separated, in
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order to maintain bus bar and system fault current levels below their fault rating, the
transformer tails may be connected through the bus bar, which lead to more even system
loading and redundancy. The sFCL employed for this purpose allows the following
advantages to result:
•

Reduction of required short circuit level of the system with a single sFCL unit;

•

Reduction of the network impedance;

•

No disconnection of the feeding transformers when sFCL mitigates the fault
current;

•

Redundancy and increased supply reliability;

•

Low voltage drop across the sFCL as under normal balanced loading negligible
current passes through the bus connection.

Another potential installation point for the sFCL is on the low voltage side of the
incoming transformer and generator Feeders, as shown in Figure 1.8.

Figure 1.8: sFCL in the Incoming Transformer Feeders
Installation of an sFCL in the low voltage side transformer tails, or generation out-going
feeders, also reduces the system fault current level. This type of integration, shown in
Figure 1.9, leads to lower fault currents through the sFCL than the bus section
installation, and can subsequently lead to smaller and cheaper sFCL units, more than
one unit may be required to limit the system fault current levels to the same extent
though.
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Figure 1.9: sFCL installed in the out-going feeders.
As the FCLs are installed on each out-going feeder, only the short-circuit current
flowing to the faulty outgoing feeder will be reduced. As a result, the main bus bar must
be rated to carry the total short-circuit current.
Advantages of FCL installation in out-going feeders include:
•

Paralleled transformers i.e. even loading and redundancy.

•

Reduction of the short circuit level of the sub-systems.

•

Reduction of the network impedance.

•

Smaller and cheaper individual FCL units, seeing lower fault current levels.

1.5

Thesis Objectives

Saturated core sFCLs offer numerous advantages over the competing FCL technologies
- these advantages are detailed in Chapter 2 of this thesis. However, significant
challenges remain in gaining broad industry acceptance of the sFCL technologies, such
as:
•

Cost reduction;

•

Reliability increase;

•

Maintenance overhead reduction.
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The essential operating characteristic of a valuable FCL is that it offer low steady state
impedance and rapid switching to high fault controlling impedance on a current surge.
The high DC H-field bias required to saturate the iron cores sufficiently to maintain an
sFCL at low steady state impedance can lead to thermal, electrical and mechanical
design complexities that largely contribute to the industry acceptance challenges
outlined above. These challenges will be addressed in this thesis through investigation
of methodologies undertaken to reduce sFCL DC bias requirement, whilst optimising
the fault current limiting capability of the technology. These methodologies are based
on novel electromagnetic manipulations of sFCL core configuration, geometry and
magnetic circuitry.
The research focuses on optimisation of compact open core sFCL core geometries and
configurations, the required DC bias coil combination (including the number of coils
required), the optimal bias point, and the DC coil positioning relative to the iron core
and AC coil configuration of an open core FCL.
In undertaking this analysis, fundamental electromagnetic mathematical theory and
electromagnetic FEM software were applied to investigate and develop new open core
sFCL core designs. As a result, sFCL design and operational parameters and
performance characteristics were defined and optimised. Definitions of mathematical
and FEM models, core geometries, and the electrical and electromagnetic parameters
significant to FCL design and optimisation are described. Laboratory prototyping was
also undertaken and testing results are presented, validating the mathematical modelling
and FEM design optimisation approaches employed. Resulting from the work
undertaken and presented in this thesis are compact sFCL configurations that offer an
improved cost, reliability and maintenance proposition to industry.
Research undertaken in this thesis focuses on sFCL technical development that
addresses those areas of sFCL characteristics that will enhance its usefulness and value
proposition to Electrical Utilities.
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1.6

Thesis Structure

This thesis is comprised of seven chapters, the first of which is this introductory
chapter. Subsequently, a literature review is presented. This is followed by a chapter
detailing the electrical and electromagnetic theory that governs saturated core sFCL
operation. Subsequent chapters describe the specific research undertaken, with analysis
of the results obtained. The final chapter outlines research conclusions drawn and
proposes further areas of research. The following further describes the chapter contents.
Chapter 2 of this thesis contains a review of literature pertaining to competing FCL
technologies. These technologies include the resistive type FCL, the resistive with shunt
reactor type FCL, the shielded core FCL, solid state FCLs and the inductive saturated
core FCL. Particular focus will be applied to the inductive saturated core FCL, with the
state of the art described in detail, from the various closed core sFCLs that have been
built and installed [1], to the competing open core sFCL technologies that are currently
being proposed and developed through this research.
Chapter 3 provides a description of the principle mathematical closed form equation
model developmental theories and approaches that can be used to design an sFCL,
along with a detailed description of the FEM modelling process. Analysis of key
performance criteria for a network integrated FCL will also be presented, including
discussion of FCL terminal transient voltage, along with the current response and FCL
core magnetic field distributions under various operational circumstances.
Chapter 4 presents the open core sFCL characterisation development undertaken as part
of this research. Investigation of various compact single and three phase sFCL
configurations will be presented in the form of mathematical modelling, FEM
modelling, prototype development and testing. Mitigation of operational concerns raised
by industry partners such as beneficial manipulation through targeted FCL design of
Transient Recovery Voltage and current zero crossing dI/dt characteristics, will also be
discussed.
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Chapter 5 of this thesis presents the research around novel sFCL compact open core
designs and configurations that significantly reduce the DC bias requirement and DC
bias system complexity of the sFCL. FEM modelling and prototype testing results are
also presented.
Chapter 6 of this thesis presents the research conducted on development of a low DC
bias Low Reluctance Closed Core FCL. This innovation allows for DC bias requirement
reduction to such an extent that HTS bias coils can economically be replaced with
copper bias coils. The details of transformer coupling mitigation techniques, which were
developed to allow provision of improved current limiting performance, are also shown.
Concurrent FEM and lab prototyping development is again presented.
Chapter 7 forms the conclusion of this research, with final observations and future
research recommendations discussed at this stage.
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2.

Literature Review

2.1

Introduction

Chapter 1 detailed the need for mitigation of damaging fault currents in power
networks. Conventional solutions, while effective, have numerous drawbacks (as
outlined) and power network planners are searching for more sustainable, economic and
reliable solutions to their fault problems. This demand has driven research in the area of
Fault Current Limiter development and, over the past ten years in particular, significant
advancement has been made in developing distribution level prototypes and
demonstrators. Some of these demonstrators have been tested and installed in various
grids around the world. The focus of these developments is on demonstrably improving
the FCL economic case, reliability and maintenance requirement to gain further industry
acceptance. Development of transmission voltage level FCLs is also attractive, where
the potential financial benefits are expected to be more significant.
The widely published FCL limiting technologies currently being developed are:
• Explosive IS Limiters and fuses;
• Solid state fault current limiters;
• Superconducting fault current limiters [1].
In this Chapter, each of these technologies is assessed against the ideal FCL operating
and economic characteristics defined by:
•

fault limiting performance;

•

low operating impedance;

•

self triggering, fail-safe activation;

•

self recovery for multiple consecutive fault event operation;

•

cost, size and weight;

•

maintenance duty; and

•

reliability for continuous operation.
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Section 2.2 presents an overview of explosive technologies. These explosive and pyrotechnic current limiters are currently market dominated by ABB under the product
brand name of the IS Limiter. They are commonly employed in mining grids and large
industrial networks, where a grid regulation can be applied locally. Section 2.3 presents
an overview of semi-conductor based FCLs. These technologies broadly manipulate the
fast-switching characteristics of modern high-power semiconductor devices such as
IGCTs, ETOs, and IGBTs to construct a solid state breaker with effective fault current
limiting functionality. Section 2.4 addresses the recent significant technical
developments in superconducting FCLs. There are numerous sub-sections of
superconducting FCL development, as different groups have focused on and
considerably progressed various technologies under this umbrella. Examples of
superconducting FCL technologies include: Resistive type sFCL with impedance in
parallel; Resistive with magnetic field assisted quench; Bridge type sFCL; Fault current
controller type sFCL; Shielded iron core type sFCL; and DC biased iron core type
SCFCL.
As DC biased iron core type HTS sFCLs and non-HTS saturated core FCLs are the
focus of this investigation, Section 2.5 will address the current state of competing
developments in this technology. Different closed and open core configurations are
examined in Section 2.5.

2.2

Overview of explosive pyro-technic FCL Technologies

The IS Limiter is a pyro-technic FCL technology developed and produced by ABB [9].
It consists, in principle, of an extremely fast switch that is able to carry a high rated
current, but has a low switching capacity, in parallel with a high rupturing capacity fuse.
In order to achieve the desired short opening time, a small charge is used as the energy
store for opening of the switch (main conductor). When the main conductor is opened,
the current continues to flow through the parallel fuse, where it is limited within 0.5 ms
and then finally interrupted at the next voltage zero passage [10]. The current flowing
through the IS Limiter is monitored by an electronic measuring and tripping device. At
the very first rise of a short-circuit current, this device decides whether tripping of the IS
Limiter is necessary. In order to reach this decision, the instantaneous current and rate
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of current rise at the IS Limiter are constantly measured and evaluated. When the
setpoints are simultaneously reached or exceeded, the IS Limiter trips. The three phases
are operated independently of one another [10].
Figure 2.1 shows the general component arrangement of the IS Limiter. The main
conductor carries the high rated normal current (up to 5000A). After tripping, the
parallel fuse blows and thus limits the short-circuit current during the first current rise
(in less than 1 ms).

Figure 2.1: The ABB IS Limiter [9]
Components of note from Figure 2.1 are the base plate (1); the Insulator (2); the fuse
(4); the pulse transformer (6); the insulating tube (8); the bursting bridge (9); the charge
(10); the fuse element (12).
The IS Limiter insert is the switching element, which can be seen in a cross-sectional
view on the right hand side of Figure 2.1. Held in the Insulating Tube, the insert
contains the main conductor, which is designed as a Bursting Bridge and encloses a
charge. On tripping, this charge is triggered and the main conductor opens at the rupture
point. The current commutates to the parallel High Rupture Capacity (HRC) Fuse. The
Fuse Element in the HRC fuse melts, thus limiting the further current rise. The current
is interrupted at the next voltage zero passage [10]. The typical current limiting and time
sequence response of the IS Limiter is shown in Figure 2.2.
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Figure 2.2: The short circuit current and time sequence response of the IS Limiter [10]
Use of these devices has not been identified within the UK utility sector, but a previous
report [11] indicated limited industrial use of IS Limiter technology. ABB reports that
over 3000 IS Limiters have been installed globally; however these are mainly industrial
installations and there is a lack of power network integrations. The technology is also
more suited to industrial application as its capital cost is relatively low and replacement
of the Fuse element can be quickly undertaken by maintenance staff that are likely to be
present on site at all times.
The advantages of this technology over a CLR are that copper losses, stray magnetic
fields, voltage drop and phase change are absent. However, the significant
disadvantages of this technology are that these devices are not considered to be failsafe
and require servicing after each operation. Hence, despite having been commercially
available for many years, uptake by power utilities has been low.
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IS Limiter suitability for higher voltage applications is also limited, with ABB not
offering a product over the 40kV level. Also, with the current legislative and regulatory
environment in the UK unlikely to change in the near-term, it is unlikely that these
devices will offer a practical solution to electrical networks with high fault level
problems. Outside of the UK, ABB IS Limiter market penetration is less well published.
Table 2.1 provides an evaluation of pyro-technic FCLs against the criteria outlined in
Section 2.1.

Fault limiting performance

Very high as open circuit is created.

Low operating impedance

Very low as IsLimiter is effectively a short circuit.

Self-triggered, fail-safe activation

Yes.

Multiple consecutive faults

No, device needs to be replaced after one fault.

Cost, size and weight

Cost, size and weight of the device are low, but it needs to be
replaced after each fault, which increases fault.

Maintenance duty
Reliability

Maintenance duty is low, but replacement required after each
fault.
Reliability is high.

Table 2.1: Pyro-technic FCLs Evaluation.

2.3

Electronic fault current limiters (eFCLs)

With the increasing prevalence and adoption of semi-conductor based technologies in
power industry equipment over the last number of decades, a recent push to
commercialise high power rectifier-based fault current limiters has been observed [12].
Ultra-fast acting Solid State Rectifier based power electronic switches ensure that
reactors or resistors are dynamically inserted in the path of the fault current within a few
milliseconds of fault initiation [13]. These reactors/resistors increase the circuit
impedance and clip the fault current.
Semi-conductor based equipment components have developed significantly since
inception of the electronics industry in the 1950's and modern power electronic rectifier
based devices commonly operate in the scale of megawatts. There have been numerous
teams pursuing FCL projects reported over the last number of years based on different
power electronic circuitry configurations [12]. The most prominent of these
technologies are based on:
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i.

Solid State breakers

ii

HTS Bridge-type FCLs;

ii.

Hybrid solid state switches;

iv.

Resonance FCLs [12];

2.3.1 Solid State Breakers
This type of FCL uses thyristors combined with a current limiting impedance to limit
the fault current. The limiting impedance can be supplied by a current limiting reactor
or a varistor - both of which have been investigated. There are a multitude of variations
on this concept of FCL, the simplest form of the concept is presented in Figure 2.3 and
detailed in a project collaboration reported by the Electric Power Research Institute
(EPRI) and SiliconPower [11].

Figure 2.3: Bridge rectifier in parallel with CLR [11]
Under normal operating conditions the thyristors in the FCL of Figure 2.3 carry the
continuous rated current with negligible voltage drop or phase change. To interrupt the
current, the device must rapidly turn off its conducting components and insert a parallel
Current Limiting Reactor (CLR) into the circuit. The CLR is sized to limit the fault
current to the required level for proper coordination with downstream protection
devices. This effectively inserts additional impedance into the circuit on fault
occurrence and reduces the fault current from its peak value to a lower value (the letthrough current) that the existing downstream circuit breakers can handle [11].
Another variant of this technology is the Solid State FCL (ssFCL) developed by
SiliconPower, employing Super Gate Turn-off Thyristors, as shown in Figure 2.4.
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Figure 2.4: The SiliconPower ssFCL technology employing SGTOs in parallel with a
Snubber and Varistor [11]
This ssFCL consists of a high speed, bi-directional switch realised using power
semiconductor devices such as a thyristor, a varistor (non linear resistor) and a snubber
circuit all connected in parallel. Under normal operating conditions, the semiconductor
devices are constantly gated on. Although the switches are shown as two simple
switches, in practice each switch can be composed of a series/parallel combination of
solid-state power device modules to accommodate the current and the voltage
requirements of the ssFCL [13]. On occurrence of a fault on the load side, a
semiconductor device will initially conduct the fault current. The switch is then turned
off when the fault current reaches a preset value that should be within the interrupting
capability of the semiconductor device. The fault current is thus diverted to the varistor.
The current clamping voltage of the varistor is set to be higher than the peak supply
voltage. Therefore, the current in the faulted circuit starts to decrease. The varistor
voltage remains almost constant as long as it is conducting. As the current reduces to a
preset low value, the semiconductor device is turned on again. Switching logic is the
same for both positive and negative half cycles of the fault current and the operation is
maintained for a specific period of time, which is useful to collect information about the
fault location and hence coordinate protection relays. If the fault persists, the
semiconductor devices are turned off permanently, after certain time, and the fault
current is completely interrupted [14].
Currently, the most active project in this technology area is a collaboration between
SiliconPower and EPRI [11]. The scope of this project is to design a 15.5kV,
1200A/4000A, three-phase unit. The prospective fault current is 23kARMS and is
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required to be limited by 60% to 9kARMS for 30 cycles. This project is ongoing. The
reasons for industry reluctance in uptake of this technology are essentially that the
proposed device is expensive, not fail-safe and consumes a large amount of power
through on-state losses through the semi-conductors.
2.3.2 HTS Bridge-type FCLs
This type of FCL, a typical circuit of which is shown in Figure 2.5, uses diodes arranged
as a bridge rectifier, combined with superconducting limiting coils and a voltage source
(depending on desired operating principle) [15]. The two HTS coils are L1 and L2,
respectively, which are anti-parallel. The two coils have the same turns and inductance
value, so the current can be equally divided and flow through them in the normal state.
The two HTS coils have different critical currents. When a fault occurs, the power
system current will increase to a very high level in a short time. The resistance of L2
increases because critical current of L2 is comparatively small. The currents flowing
through them are no longer equal. The mutual flux cannot counteract the self-inductance
of the two coils.

Figure 2.5: HTS Bridge type FCL [16]
The self-inductance of L1 and the resistance of L2 will simultaneously limit the fault
current. L2 can be isolated at any time when it is required, and therefore, it can be
recovered quickly and become ready for next fault if happens. Again, when L2 is
isolated, L1 will limit the fault current by its self-inductance before opening the circuit
breaker [16].

22

The most active projects in this technology area were by groups in Japan [17]. The
performance of Bridge-type FCLs depends on the reliability of the semiconductor
rectifying diodes used in the bridge - if one diode fails, a short circuit results and the
device no longer limits the fault current. Running losses are also relatively high,
regardless of whether or not a HTS limiting coil is used. In the case of a HTS coil, the
complications of a superconducting system increase capital cost and maintenance
overheads.
2.3.3 Circuit resonance type FCLs
Early versions of circuit resonance limiting circuits were presented by Kalkner [18], in
which, under normal conditions a resonance is established between a series inductor and
capacitor, which eliminates the circuit reactance drop of the inductor. The series
capacitor is shunted by a bypass circuit which only operates on occurrence of a fault
causing the series reactor to limit the fault current. A version of series resonance type
FCL is illustrated in Figure 2.6. It consists of a bridge sub-component module and a
resonance sub-components module. The bridge is essentially a Semi-Conductor
Rectifier (SCR) bridge containing four diodes, a small dc limiting reactor, a self turn off
switch (such as GTO or IGBT) and a free-wheeling diode. The resonance module
consists of a series LC resonant circuit that is tuned to the 50 Hz network frequency and
an arrester in parallel with the capacitor. Under normal operation the load current is
through the rectifier, hence minimal voltage drop or operational losses incur. On
occurrence of the fault, the FCL diode rectifier bridge functions as a high speed switch
that changes the fault current path to the resonance section, hence switching the LC
impedance into the network circuit and limiting the fault current [19].
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Figure 2.6: Series resonance type FCL [19]
Alternatively, Hagh et al. [20] also investigated a parallel resonance FCL, the basic
circuit for which is illustrated in Figure 2.7. Like the series resonant FCL, this device
consists of sub-component modules. The bridge section consists of an SCR bridge
containing four diodes, a superconducting dc limiting reactor, an IGBT switch, a DC
voltage source and a freewheeling diode. The resonance section consists of a parallel
LC resonant circuit that is tuned to the 50 Hz network frequency and a resistor in series
with the capacitor. As in the series resonance FCL, the bridge section of the device
operates as a high-speed switch that changes the fault current path to the LC resonant
circuit, on fault occurrence.
Under normal (steady state) operating conditions, the superconducting DC reactor
carries the line current and behaves as a short circuit. The dc voltage source
compensates for the voltage drop on the diodes and IGBT switch, resulting in an
insignificant voltage drop across the bridge. As a fault occurs, the DC reactor is no
longer a short circuit to the changing current and hence limits the short circuit current
(preferably without quenching). When the line current rises to the pre-defined value the
control system turns off the IGBT switch, preventing the superconducting element
being exposed to further current rises. At this stage, the freewheeling diode turns on and
provides a dump path for the superconducting reactor coil to discharge safely. When the
bridge turns off, fault current is redirected through the parallel resonant part of the FCL,
resulting in a large impedance being inserted into the circuit and clipping the fault
current [20].
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Figure 2.7: Parallel resonance type FCL [20]
Both the series resonant and parallel resonant FCLs require SCR bridges; hence their
reliability is dependent on that of the diodes in the sub-components. This makes these
devices unattractive to Utilities looking for a fail-safe FCL. Additionally, the parallel
resonance type FCL presented by Hagh et al. [20] contains superconducting elements,
which introduces all of the reliability, maintenance, power consumption and cost issues
that accompany this technology. The powered bridge presented in this resonance type
FCL has also been investigated in other FCL adaptations [14] where the bridge is not
necessarily switched out of the circuit. In this case, the superconducting element is
relied upon to provide the full line current fault limiting. Robust design and construction
of such a superconducting system is not trivial, and as a result is not likely to be
considered by Industry as a fail-safe or cost effective solution.
Table 2.2 provides an evaluation of electronic FCLs against the criteria outlined in
Section 2.1. Although the operating principles vary for the different types, the
performance outcomes are similar and can be assessed collectively as a result.
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Fault limiting performance

Moderate - high

Operating impedance

Multiple consecutive faults
Cost, size and weight

Low.
No, as operational reliance is on power electronics and not
intrinsic material/system properties.
Yes.
Cost, size and weight are relatively low.

Maintenance duty

Maintenance duty is low.

Reliability

Reliability of modern systems is considered high.

Self-triggered, fail-safe activation

Table 2.2: Electronic FCLs Evaluation.

2.4

Non-electronic superconducting grid element fault current limiters

The first superconducting FCLs were developed in the 1970s using low temperature
superconductors (LTS). However, the complexity and cost of the cryogenic and
supporting systems required for LTS devices proved an onerous impediment to the full
commercialisation of such technologies. Since the introduction of High Temperature
Superconductor (HTS) material in 1986 and its subsequent development in terms of
manufacturability, quality and cost, interest in numerous HTS device applications has
grown. To the fore of these has been the sFCL, which can now be run at much higher
cryogenic temperatures, and be supported by more robust and reliable engineering
systems. The first HTS sFCL was a shielded core FCL developed by ABB in 1996 [22].
Since then numerous groups have advanced other HTS FCL technologies. Prominent
among the HTS FCL technologies currently being commercialised (excluding DC bias
sFCLs) are:
§ Shielded iron core sFCL;
§ Pure-resistive type sFCL;
§ Resistive type sFCL with impedance in parallel;
§ Resistive with magnetic field assisted quench;
§ Fault current controller type sFCL [11].
Common to the technologies listed above are that the current limiting function is reliant
on the inherent properties of the superconducting element material, either in directly
limiting the fault current or acting as a fast switch for another element which directly
limits the current. Recently, there have been distribution level electrical utility grid
installations of the Resistive type FCL in the UK through collaborations between
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Nexans SuperConductors and Applied Superconductor Limited (ASL) [23]. A Shielded
iron core sFCL program undertaken through a collaboration between Bruker, Schneider
Electric and the German utility SWA, to develop and trial a distribution level device,
was abandoned in 2013. Applied Materials have an ongoing program to develop the
Resistive type sFCL with impedance in parallel, targeting the transmission level market,
and currently have numerous trial installations in distribution and transmission networks
[24]. The transmission level market is seen by FCL developers as the most attractive in
terms of value proposition and, as a result commercial potential. This is due to the
technology currently available at such voltage levels being very expensive and not
satisfactorily addressing the network operators’ needs [1]. HTS materials currently
being employed in sFCLs include first generation BSCCO tapes and wire and second
generation bulk YBCO material [25]. Recently, groups such as ASL in the UK,
Hypertech Inc. in the USA, and Columbus/ASG in Italy have initiated programs to
develop sFCLs using Magnesium di-boride (MgB2) [26]. Magnesium di-boride material
offers superior current carrying capacity to HTS materials; however, it needs to operate
at a lower temperature (below 25K to be viable) and is more susceptible to quench at
lower environmental magnetic fields [27].
2.4.1

S-N transition dependent sFCLs

S-N transition (superconducting to normal) dependent sFCLs utilise the inherent
characteristics of superconductor materials to effect a fast acting, high impedance
switch into the grid circuit on occurrence of a fault. The inserted high impedance then
limits the fault current or redirects it through another path, such as a shunt reactor,
which in turn limits the fault current. Figure 2.8 shows typical superconductor transition
characteristics, relating resistance to current density, operating temperature and
magnetic field. As can be seen, the critical surface is breached when the critical current,
critical operating temperature or critical magnetic field are exceeded and the material
quenches [28].
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Figure 2.8: Typical superconductor transition characteristics with current and
temperature and magnetic field [29].
Exceeding any of these critical parameters in operation, quenches the superconductor
and dramatically increases its electrical resistance [30]. Figure 2.9 from AMSC shows a
de-rating chart that must be applied to the critical current (Ic) with respect to
temperature and perpendicular magnetic field. In higher perpendicular magnetic fields
the critical current is lower.

Figure 2.9: AMSC YBCO Gen2 tape [31]
The resistance characteristics of superconducting materials can be utilised to design an
FCL, where the material thermal and magnetic environments, along with current
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densities are engineered to give a critical current that exceeds the network full load
operating current of the conductor. Upon occurrence of a network short circuit fault the
superconducting material will quench, either directly through exceeding the Ic itself or
through application of excessive perpendicular magnetic field, causing the impedance to
increase significantly. Depending on the sFCL operating principle the quenched
superconducting material will either insert high impedance into the network itself, or
will redirect the grid current to another high impedance path. Figure 2.10 shows a
typical load line calculation for BSCCO tape used in a bias magnet for a saturated core
sFCL. The objective in this particular case is that the superconducting material never
quench; however, the balance of temperature, current density and perpendicular field in
calculating the tape Ic is shown.
A significant disadvantage of S-N transition based sFCLs is that the superconductor
quenches. As all or part of the fault current energy is dissipated through the
superconductor, it heats up and as a result will remain at high impedance until the
material cools down to below its critical Temperature (Tc) again. This recovery time
can take numerous minutes and is not an attractive feature to Utilities and grid operators
[32].
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Figure 2.10: Typical Load line calculation for Gen 1 HTS BSCCO tape used in an
sFCL.
2.4.1.1 Shielded iron core sFCL:
The Shielded iron core sFCL was the first of the HTS sFCLs to be built and trialled by
ABB in 1996 [22]. The device was designed to operate at a rated power of 1.2 MVA. It
was built, tested and installed in a power plant. The nominal current and voltage of the
device were 70Arms and 10.5kV respectively. In commissioning, it underwent threephase short-circuit tests with a prospective fault current of 60 kA, where the current was
limited to about 700 A in the first half-wave. After 50 ms the limited current was below
250 A. Since the initial ABB project, the leaders in development of the shielded core
scFCL have been Bruker [26].
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Figure 2.11: Shielded core single phase sFCL [33]
The operating principles of the shielded core sFCL combine the concept of magnetic
shielding with the S-N characteristic of HTS material. The load carrying primary
winding and the superconducting secondary winding are arranged concentrically around
an iron core, as shown in Figure 2.11 and typically connected in circuit as shown in
Figure 2.12. The HTS material of the secondary winding is cooled to its
superconducting state and the primary coil is energised with the AC network load
current. As the primary and secondary coils are magnetically coupled by the high
permeability iron core, the magnetic field produced by the AC primary coil induces a
current in the secondary HTS coil. As the secondary coil is superconducting the I2R
losses are low; however, total losses are not inconsiderable as AC losses will present in
the HTS material. The field set up by this induced current will cancel the magnetic field
of the primary coil and shield the iron core, preventing it from toggling through its BH
curve. On occurrence of a network short circuit fault, the load current will increase
dramatically and a higher current will result in the HTS secondary coil. The HTS coil is
designed such that this fault-induced current will cause the HTS material to quench
from superconducting to its normal state, and become highly resistive. Hence, the
induced current in the secondary coil is impeded and the AC field of the primary coil
can now toggle the iron core through its BH curve, generating a back-emf on the
network grid and limiting the fault current [34].
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Figure 2.12: Equivalent circuit of iron core shielded sFCL [35]
The shielded iron core FCL offers a significant advantage over the other S-N transition
dependent sFCLs, in that a failure of the superconducting element or system will not
mean that the FCL device has to be switched out of the network (although the
impedance of the device is increased in this condition). Cryogenic losses are also lower
as the HTS element is completely enclosed within a cryostat and not energised via an
externally supplied DC bias current (needed in the saturate core sFCL) or the network
line current (in the resistive sFCLs). The disadvantages are that the device is large and
heavy, requires a non-magnetic tank enclosure and cryostat and has a recovery time to
superconducting state after the S-N transition quench has occurred. It also has a largely
reactive voltage drop across it during normal operation.
Table 2.3 presents an evaluation of S-N type sFCLs against the performance criteria
presented in Section 2.1.

Fault limiting performance

High.

Low operating impedance

Low.

Self-triggered, fail-safe activation

Cost, size and weight

Yes.
Yes, however impedance remains high for some time after
first quench, there is no reset once fault is cleared.
Cost, size and weight of the device are high.

Maintenance duty

Maintenance duty is low.

Reliability

Reliability is high, depending on HTS coil system.

Multiple consecutive faults

Table 2.3: Evaluation of S-N transition type sFCLs.
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2.4.1.2 Pure-resistive type scFCL:
The pure-resistive type sFCL utilises the S-N transition principles of the superconductor
material when Ic is exceeded and quenching occurs (as shown in Figure 2.8). The higher
resistance of the quenched HTS material is directly in the circuit and acts to limit the
fault current [36]. The generic circuit of such an sFCL is shown in Figure 2.13. An
impedance (resistive and inductive) is also inserted parallel to the superconducting
element in this case. This prevents overvoltages if RSC rises too rapidly, can act to
reduce hotspots developing on the HTS elements. Though the primary fault limitation
function is provided by the HTS element, the parallel impedance can also be designed to
carry some fault current and reduce the fault energy dumped into the HTS element
(which can aid in reducing the recovery time required after the HTS material has
quenched).

Figure 2.13: Pure-resistive sFCL equivalent electrical circuit [35]
The typical response from such an sFCL is shown in Figure 2.14. This type of FCL
shows negligible insertion impedance in normal operation, is fast-acting and can
provide high levels of fault current limiting on the first peak and as the DC offset
decays.
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Figure 2.14: Typical response of pure-resistive sFCL [35]
At the forefront of pure-resistive type sFCLs are AMAT and Nexans. Nexans have
installed two distribution level 11kV units in the UK to date [1]. AMAT have
announced installations in New York and Thailand to date [24]. Figure 2.15 shows the
Nexans bulk FCL unit, newer versions have since been built using YBCO tape. A large
problem with this type of FCL is the AC losses experienced by the HTS material itself
as the load current is conducted through it. Hence, the load current ratings of these
devices tend to be low. Nexans have devised methods to counteract this, such as the
development of their Bifilar HTS elements. These elements are shown in Figure 2.15,
and in this case carry a normal load current of 400ARMS [37].
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Figure 2.15: Nexans pure resistive 11kV, 400A sFCL elements and enclosed tank. [37]
Pure-resistive scFCLs are relatively small, light, fast acting, failsafe and effective FCLs,
which impose negligible network impedance during normal operation. The main
disadvantages of this technology are the losses and recovery time after quenching. The
recovery time required following a quench can range from one second to under one
minute, depending on the material and design employed. The energy (heat) loss caused
by the current leads passing from room temperature to cryogenic temperature is
approximately 40-50W/kA per current lead at cold temperature [12]. However, a more
debilitating feature of the losses is that the HTS material increase exponentially with
increasing load current. Hence, based on current technology, many standard power grid
applications are not feasible.
Table 2.4: provides and evaluation of the resistive type sFCL against the performance
criteria outlined in Section 2.1.
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Fault limiting performance

High.

Low operating impedance

Low.

Self-triggered, fail-safe activation

Cost, size and weight

Yes.
Yes, however impedance remains high for some time after
first quench, there is no reset once fault is cleared.
Cost is high. Size and weight are moderate.

Maintenance duty

Maintenance duty is low.

Reliability

Reliability is high, depending on HTS coil system.

Multiple consecutive faults

Table 2.4: Evaluation of Resistive type sFCL.
2.4.1.3 Resistive type sFCL with inductance in parallel
The resistive type sFCL with parallel inductance also uses the S-N transition
characteristic of HTS material to switch a high impedance into the grid on occurrence of
a short circuit fault. The generic circuit for such a device is shown in Figure 2.16.
Again, there is an inductance in parallel with the HTS element. However, the HTS
element in this configuration functions as a fast switch, with the HTS material
quenching on occurrence of the short circuit fault [24].

Figure 2.16: Equivalent electrical circuit of resistive with parallel impedance sFCL. [35]
The resistance of the HTS material increases dramatically as Ic is exceeded by the fault
current and the parallel reactor provides the path of lowest impedance for the circuit
current. Physically, the system can be configured as shown in Figure 2.17.
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Figure 2.17: AMAT sFCL showing shunt reactors in parallel with HTS units [24]
The typical response of this type of sFLC, shown in Figure 2.18 differs to that of the
pure-resistive type (shown in Figure 2.14), as the fault current limiting is provided by
the reactor and not the HTS element itself. Hence, the clipped current curve is more
akin to that of a regular CLR.

Figure 2.18: The typical response of a resistive with parallel impedance sFCL [24].
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The resistive type sFCL with parallel inductance is a compact, fast acting, failsafe and
effective sFCL, imposing negligible network impedance during normal operation. The
main disadvantages of this technology are the losses and recovery time after quenching.
Although the HTS element does not perform the bulk of the current limiting, it still
quenches, heats up and thus requires a recovery time. The recovery time required
following a quench can range from one second to under one minute, depending on the
material and design employed. As the fault energy in not dumped in the HTS element,
this type of sFCL generally has a quicker recovery time compared to the pure resistive
type. As with the pure resistive type sFCL, cryogenic and AC losses can be high. Since
the HTS element carries the full load current, AC losses can be prohibitive at high load
currents.
Table 2.5 provides an evaluation of the resistive-inductive type sFCL against the
performance criteria outlined in Section 2.1.

Fault limiting performance

High.

Low operating impedance

Low.

Self-triggered, fail-safe activation

Cost, size and weight

Yes.
Yes, however impedance remains high for some time after
first quench, there is no reset once fault is cleared.
Cost is high. Size and weight are moderate.

Maintenance duty

Maintenance duty is low.

Reliability

Reliability is moderate. HTS element is in the main grid
circuit.

Multiple consecutive faults

Table 2.5: Evaluation of resistive-inductive type sFCL.

2.5

DC-biased iron core type sFCL overview

The DC biased iron core type sFCL (scFCL) has been the subject of research and
development efforts predating the discovery of HTS materials in 1986 using LTS bias
magnets. The main advantages of this type of FCL are that the superconductor element
is decoupled physically, electrically and thermally from the AC line current [8]. This
simplifies the design of the FCL and increases the robustness, which are essential
elements of utility acceptance. The main disadvantages of this technology are the high
mass of iron required for the cores and, depending on the configuration, the high H-field
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DC magnet requirement. The induced voltages and currents in the DC magnet coils (due
to the transformer effect) during a fault can also be an issue [38].
The earlier iron-core scFCLs such as those described by Oberbeck in 1977 [39], were
closed core devices employing superconducting DC bias coils or a combination of these
coils and permanent magnets to saturate the ferromagnetic cores. The device further
consisted of two AC reactor coils per phase, wound on separate cores and electrically
connected such that in any AC half-cycle one AC coil sets up a field that strengthens the
DC field while the other coil set up a field that opposes the DC field and de-saturates its
core.
More recently, numerous academic and industry groups have developed alternate
adaptations on the earlier technology. A distribution grid level installation of a DC
biased iron core scFCL in the UK was undertaken through collaboration between
Applied Superconductor Limited (ASL) and Zenergy Power [23]. Innopower have a
transmission level DC biased iron core type scFCL installed outside Beijing in China
[40]. These devices attempt to address some of the drawbacks of the saturated core
technology in various ways and include:
i. different configurations of three-phase standard closed core scFCLs;
ii. closed DC magnetic circuit with open AC magnetic circuit scFCLs;
iii. entirely open core scFCLs developed as part of this body of research;
iv. low reluctance closed-core scFCLs developed as part of this body of
research.
These competing iron-core technologies essentially manipulate the same scFCL
operating principles. Before analytical review of each technology, investigation of the
principles behind the different design approaches and commercial strategies must be
understood.
Development of scFCLs is the focus of the research undertaken in this work and
presented in this thesis.
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2.5.1

Saturated Core scFCL operating Principles

All saturated core FCLs seek to exploit the non-linear magnetic properties of
ferromagnetic steel combined with the dependence of a solenoid's inductance on the
permeability of its core. This property facilitates a step change to be generated in device
impedance on occurrence of a fault current.
The ferromagnetic steel used in a saturated core FCL will usually be that of standard
laminated transformer material for a number of reasons: it is readily available in various
lamination thicknesses in large and economic quantities; it is grain oriented and hence
easier to bias; and it has a high relative permeability and a high saturation point. Using
laminated steel reduces core losses. Figure 2.19 shows a comparison of some magnetic
properties of regular steels and transformer grade steels.

Figure 2.19: Comparison of steel magnetic properties
Optimal design of electromagnetic machines always involves a trade-off between
upfront cost, performance and running losses - saturated core FCLs are no different.
Iron is cheaper than transformer steel, but it would require larger cross-sectional areas
and running costs than transformer steel. Higher grade transformer steels such as
Carpenter Material's High Perm 49 or Advanced Magnetic's Co-Netic offer higher
instantaneous relative permeabilities, but both saturate at lower flux densities and hence
would introduce numerous secondary design challenges over that of standard
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transformer grade M4 or M6. Figure 2.20 shows the material magnetic characteristics of
M4 transformer steel and how they relate to operational ranges of H-field when
incorporated in an scFCL. The peak relative permeability is 120,000 and the material
saturates at a flux density above 2T.

Figure 2.20: M4 transformer steel material magnetic properties
The operating principle behind all Saturated Core FCLs exploits the difference in
material relative permeability of the steel cores as H-field is applied. Figure 2.21 shows
the Saturated Core FCL in its simplest form. An H-field is applied through the DC coil,
which encompasses and saturates an iron core (at 2T in M4 material), such that its
relative permeability approaches 1.
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Figure 2.21: Basic set up of Saturated Core FCL.
Another coil is wound around the same core, or on a core that forms part of the same
magnetic circuit, and is energised with AC current. In a Saturated Core FCL the AC coil
carries the network load current. The relative H-fields of the AC and DC coils are such
that the core remains in saturation when the AC coil is energised by the grid load
current and, as a result, the relative permeability of the core remains close to 1. The Hfields can be related with the device constant α, depending on the Saturated Core FCL
configuration:

N"# I%&'( = N*# I+,'- ×√2×α

(2.5.1)

Where, NDC is the number of electromagnetic turns in the DC bias coil; Ibias is the
current through the DC bias coil; NAC is the number of electromagnetic turns in the AC
coil; Iload is the AC load current.
The inductance of the AC coil is proportional to the relative permeability of the core it
is wound on and is expressed as:

L*# =

3645 ×*45
745

µ9 . µ;

(2.5.2)

Where, LAC is the AC coil inductance; AAC is enclosed area of coil; HAC is the height of
the AC coil; μ0 is the permeability of air, and μr is the relative permeability of the
enclosed core steel.
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Since the relative permeability of M4 material can increase from 1 to a maximum of
120,000, the AC coil can be designed to provide a significant increase in reactance.
When a short circuit fault occurs, the AC coil current increases and the H-field set up by
the coil acts against the H-field set up by the DC coil to toggle the core out of saturation
and back to a region of high permeability. In doing so, the AC coil inductance and
effectively the FCL impedance is increased significantly.
The operating point of all saturated core FCLs are the same, with competing
technologies differing in how they attempt to reduce the cost and complexity of a
functioning sFCL through more efficient use of steel and reduced DC bias requirement.
2.5.2

Standard closed core scFCLs

The standard closed core scFCL has been the subject of development since the 1970s
and 80s, when it was investigated by Oberbeck, 1972 [39]. The configuration has since
been further developed by Zenergy Power in the USA and InnoPower in China [1]. In
2009, Zenergy Power worked with South California Edison to build, install and
successfully trial a 15kV, 24MVA device in a San Diego distribution substation [38].
Innopower have built and trialed a 35kV 90MVA device near Beijing, and currently
have a program demonstrating a 220kV 300MVA scFCL device [41]. In both
technologies the operating principles are the same and the basic configuration per phase
is shown in Figure 2.22.
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Figure 2.22: Single phase closed saturated core scFCL setup
A single phase of the closed-core saturated scFCL comprises of two picture-frame cores
of grain-oriented transformer steel, one DC bias coil and two AC reactor coils. The
arrangement is such that the DC bias coil encompasses a limb of both cores and sets up
magnetic field sufficient to saturate both. The AC coils are electrically connected in
series and physically wound around the outer limbs of each core. The winding sense is
the same in both AC coils. In any given AC half-cycle, one AC coil sets up H-field that
acts against the DC H-field and de-biases its core, while the other AC coil sets up Hfield that acts to further saturate its core. The number of AC turns and DC bias are
designed such that in normal operation the NIAC is too low to overcome the DC bias and
de-saturate the core. However, when a short circuit fault occurs IAC increases and the
cores are de-saturated on alternate half-cycles, ensuring that the scFCL impedance is
high at all times during the fault (as shown in Figure 2.23).
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Figure 2.23: Typical Impedance output of saturated core scFCL [38]
The three phase configuration of this technology extends the principles of the single
phase device. Figure 2.24 shows a schematic of the Zenergy Power three phase scFCL
that was installed in the San Diego grid in 2009 [42]. Each phase has two AC coils
connected in series and wound around the outer limb of a picture frame core. The inner
limb of all six cores are enclosed by a single DC bias coil.

Figure 2.24: Zenergy Power three phase standard closed core configuration [42]
The Innopower device is essentially the same configuration as that of the Zenergy
Power device. At higher voltages, above 11kV, where dry electrostatic insulation of AC
windings becomes problematic, Innopower position the AC coils in oil tanks that are
attached to and sealed onto the laminated steel of the outer core limbs. From a
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manufacturing, transport and maintenance point of view, this is a complicated
arrangement. Figure 2.25 shows electromagnetic modelling undertaken of the Zenergy
Power closed-core saturated FCL in its low impedance saturated state (a) and in its high
impedance state (b). In Figure 2.25 (b) the AC current has risen due to fault occurrence
and the outer core limbs can be seen to be de-biased.

(a)

(b)

Figure 2.25: Electromagnetic modelling of the Zenergy closed saturated sore scFCL.
To date, both the Zenergy Power and Innopower closed Saturated Core installations
have used generation 1 BSCCO tape HTS DC bias coils, incorporating open cycle
cooling. Liquid Nitrogen is delivered to the substation sites intermittently to refill a
storage tank, which feeds the cryostat to compensate for gradual Nitrogen boil-off,
caused by heat leak.
The Zenergy Power San Diego installation was decommissioned in 2011, having been
the first successful integration of a superconducting FCL in the USA grid [38].
The primary advantage of the closed saturated core scFCL is that the three phases can
be biased using a single DC bias coil. As the ampere-turns required to bias the outer AC
limbs is high, this coil is not viable unless it is superconducting. Superconductivity itself
is a disadvantage in attempting to promote FCL technologies to Utilities, who are
commonly reticent to accommodate the perceived high maintenance and low reliability
characteristics of HTS systems. However, having one common DC coil for three phases,
instead of one per phase, is a strong advantage of this arrangement. Another advantage
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of this configuration is that any transformer coupling between the AC and DC sides,
that might potentially cause induced currents and voltages hazardous to the HTS coil,
can be cancelled between phases. The magnetic flux change linking the DC coil is in
phase with the AC fault currents - given that these are 120 degrees apart, the vector sum
of the magnetic flux set-up by the AC current is zero and no voltage is induced on the
DC coil.
The challenges in designing a viable closed core scFCL form the primary justification
for the research undertaken in this body of work and are detailed further in Sections
2.5.3 and 2.5.4.
2.5.3

Closed DC magnetic circuit with open AC magnetic circuit scFCLs

This technology is derived from research at Bar Illan University in Israel [45] and is the
underlying technology used by the GridOn FCL company. The operating principles of
this type of scFCL are essentially the same as those of the standard closed core in that a
DC bias coil (or coils) saturate the ferromagnetic steel core upon which one or more AC
coils are positioned. On occurrence of a short circuit fault, the AC coil (or coils) de-bias
the steel core and insert a high impedance into the grid circuit.
The point of differentiation between this and the standard closed core technology is that
an attempt is made to explicitly decouple the magnetic linkage between the AC and DC
H-fields. The core and coil arrangement is such that the DC magnetic circuit
incorporates the core steel around which the AC coil is wound, however the field set-up
by the AC coil does not link the DC coil(s).
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Figure 2.26: The GridOn 'Open Core' FCL. [29]
Figure 2.26 illustrates the concept behind the closed DC circuit, open AC circuit of the
GridOn Saturated Core sFCL. As the DC coils are centrally placed on limbs that are
orthogonal and remote from the AC coils, the net flux linkage from the AC coil will be
small. Hence, there will be minimal induced voltage on the DC coil. As there is no
reactionary ripple current on the DC coil during a fault, de-biasing of the AC core limbs
by the AC H-field is also easier. GridOn also employ core grading, with the crosssectional area of the top and bottom DC limbs increased to reduce the total DC bias
requirement [45].
There are certainly merits to this sFCL design. The setup allows minimisation of fields
linking the DC coil(s) and hence minimisation of induced voltages and promotion of
core toggling on the AC side. The disadvantages are common with those discussed in
detail for the standard closed core. As the AC coil limbs are elongated to further reduce
the linkage between AC and DC coils [45], the cores require grading and tend to be
large and heavy. As with the standard closed core, flux leakage is also a drawback of
this technology.
2.5.4

Fully decoupled magnetic circuit sFCLs

Other innovative closed core sFCLs have been developed recently, including variations
based on the principle shown in Figure 2.27. Cvoric, et al. [29], researched a number of
configurations based on this theme. A 10kV three phase prototype was designed, built
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and tested at the Kema high power test lab in the Netherlands. Numerous configurations
were presented by Cvoric in [29], based loosely around those included in the Oberbeck
patent of 1972.

Figure 2.27: Decoupled magnetic circuitry of the Cvoric scFCL [29]
The core in Figure 2.27 contains a middle leg with an air gap. A DC coil and one or
more AC coils are then positioned on either of the outer limbs. During normal
operation, the DC magnetic circuit has two potential reluctance paths; however,
reluctance of the path through the core middle leg is much higher than that of the AC
leg path. Hence, the saturating flux set-up by the DC coil is only present in the AC and
the DC limbs of the core. During normal operation, the flux set-up by the AC coil
prefers the path through the core’s middle leg, and not through the DC limb. In terms of
the AC magnetic circuit, the DC limb is saturated and has a higher reluctance than the
path through the middle leg and small air gap. On occurrence of a short circuit fault, the
AC magnetic circuit remains unchanged. Accordingly, the DC coil is not linked by the
changing AC flux and no excessive voltages are induced on the DC coil and associated
electrical circuit. A three-phase version of this device was built and tested, in which all
three AC coils were positioned on one core limb.
This scFCL configuration presents an innovative method of decoupling the AC and DC
magnetic circuits on occurrence of a fault, which protects the DC coil and system from
potentially damaging induced voltages. The disadvantages of the configuration are
common to those of other closed core scFCLs examined in this thesis. The DC bias
requirement as a result of flux leakage is very high. The core mass is also prohibitively

49

high and would present an array of manufacturing, transport and installation issues. The
leakage flux would not be acceptable to electrical utilities. The tested three-phase sFCL
provided no current clipping capability above that of air-core clipping, on occurrence of
a bolted three-phase fault. This result was due to the three AC phases being
magnetically coupled to each other and 120 degrees apart electrically - since the coils
were positioned on the same core limb, the net effect was a cancellation of flux change
in the core and no back-emf generation or increased impedance inserted to the grid
circuit.
The closed core scFCLs detailed differ primarily in how they attempt to reduce DC bias
requirement and DC magnetic coupling to the AC circuit. Whilst some differences in
performance result, the general performance and operational characteristics remain
similar to the extent that they can be evaluated together. Table 2.6: provides an
evaluation of saturated core sFCLs against the criteria outlined in Section 2.1.

Fault limiting performance

Moderate

Low operating impedance

Low.

Self-triggered, fail-safe activation
Multiple consecutive faults

Yes.
Yes.

Cost, size and weight

Cost, size and weight are high

Maintenance duty

Maintenance duty is low.

Reliability

Reliability is high as the HTS magnets are largely decoupled
from the grid circuit.

Table 2.6: Evaluation of saturated core sFCLs.

2.6

Characterisation and development of the scFCL

This section further examines the scFCL, detailing its shortcomings and presenting
opportunities for improvement that form the basis of the research undertaken in this
body of work.
2.6.1

Closed core scFCL

The main disadvantage of the closed Saturated Core system is that the amount of steel
required makes the device difficult and expensive to manufacture and transport for the
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levels of fault reduction and the operating impedance required by Utilities at
distribution and transmission voltage levels. Preliminary investigation suggests that all
limbs of the picture frame cores can be biased easily. With no magneto motive force
(mmf) applied to the return limbs of the DC magnetic circuit, which in a functioning
sFCL are the AC limbs, the cores fully saturate with application of 500kAT of DC bias.
This level of bias is easily obtainable, given that BSCCO tape can have an Ic of up to
300A at 40K, depending on perpendicular magnetic field environment.
Once a reasonable load current (1000ARMS) is applied to the AC coils, the outer limb of
the coil that sets-up H-field opposing the DC field is no longer saturated and appears as
a high impedance as a result. This can be seen in Figure 2.28 (b). Under these
conditions further DC bias is required to saturate the limbs encompassed by the AC
coils.

(a)

(b)

Figure 2.28: Single phase closed Saturated Core scFCL biased cores with no AC current
application (a) versus that with 1000ARMS AC load current (b).
Grading the steel cross-sectional areas in a closed saturated core scFCL can be
implemented to better achieve saturation on the AC limb under normal operating load
current. This approach comprises a configuration where larger core area is designed in
the DC bias limb and core yoke than the AC limb (as shown in Figure 2.29) and is an
application of Gauss's Law of Magnetism, which is one of the five Maxwell's equations.
Gauss's Law states that the net magnetic flux, B, though any closed surface, S, must be
zero, considering the cancelation of flux vectors. The law in this form states that for
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each volume element in space, there are exactly the same number of magnetic field
lines, or total magnetic flux, entering and exiting the volume. As the closed Saturated
Core can be considered a closed magnetic circuit, flux must be conserved on any given
surface within the circuit.

Figure 2.29: Zenergy Power closed Saturated Core prototype graded core schematic
As the total flux set-up by the DC coil must be conserved at any boundary, reducing the
cross-sectional area of the outer core limbs (where the AC coils are located) forces the
flux density in that limb to increase. Alternatively, it can be viewed as allowing
increased flux to be set-up in the closed core circuit by having more area enclosed by
the DC coil. This increase in limb flux density then requires the AC coil to set-up a
higher H-field to bring the core out of saturation. Zenergy Power undertook an
extensive research program investigating optimal graded core configurations, both in
terms of biasing the cores and achieving impressive fault clipping performance. This
program looked at relative grading of the DC limb, the AC limb and yokes.
Figure 2.30 shows an FEA magnetostatic biasing analysis based on an ASL commercial
FCL project in Jordanthorpe, UK. Incrementally higher DC is applied to the cores via
increasing DC coil current. As expected, at low DC current, the cores do not saturate
and as DC current is increased, the cores are driven into saturation. The plots shows that
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when a reasonable load current is applied to the AC coils, core grading can be
implemented to reduce the DC bias requirement to 4000kAT from the 6200kAT
required when all cores have identical cross-sectional-area. A 6200kAT DC coil would
be prohibitively expensive and complicated to manufacture.

Figure 2.30: The DC bias characteristic curve for an ASL Jordanthorpe standard closed
core scFCL, with 1000Arms AC load current, with and without core grading.
Core grading to reduce bias requirement invariably causes an increase in the core
material requirement and can result in the scFCL being excessively large, heavy and
expensive from a logistics and installation perspective.
As described by Equation 2.5.1, the bias requirement of an FCL core can be expressed
in terms of the relative H-field applied through the AC and DC coils, with a device
constant α capturing the effects of core configuration. The core topology establishes a
magnetic path for the H-field set-up by the DC coil and its proximity to an ideal
magnetic circuit for that DC field determines the amount of leakage inductance present.
As in the power transformer paradigm, leakage flux can be a waste of energy in itself.
However, in the case of an FCL, it magnifies the complexity of the HTS system as the
fields are not incidentally set-up by circuit load currents, but purposely set-up by a bias
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coil. Hence, any H-field leaked from the circuit needs to be compensated for - although
a given core topology may lead to a satisfactorily biased AC limb, the leakage
inductance of the magnetic circuit employed may cause the HTS coil and system to be
excessively expensive and complex. Saturating a limb of the core effectively introduces
an air gap, in terms of relative permeability, which (depending on core configuration)
can act to promote further leakage of flux.
In a power transformer, a leakage factor (σ) can be expressed in terms of the
interrelationship of primary and secondary winding-specific inductance and leakage
factor equations:

σ=1−

?6
@A .@B

(2.5.3)

where M is the mutual inductance, and LP and LS are the primary and secondary selfinductances respectively. In an ideal power transformer, where the coupling coefficient
(k) is equal to 1, the mutual inductance of the primary and secondary coils can be
defined as;

M = k LE . LF

(2.5.4)

In a closed Saturated Core FCL the AC and DC coils cannot be positioned in such close
vicinity to each other as they are in a power transformer (due to clearance requirements
of both the DC HTS system and the AC electrostatic/tank system) to ensure a high
coupling coefficient. FCL core grading also distorts the relative reluctance of the return
paths for the flux set-up by both the AC and DC coils. The extent of this distortion
varies between normal and fault conditions. Further core saturation and de-saturation
inherently introduces strong transient-dependent non-linearities from material BH
properties into the system which further complicate application of basic transformer
design and leakage inductance theory to the sFCL.
The leakage flux of the ASL Jordanthorpe sFCL closed core design for different core
grading topologies and different AC loading conditions is shown in Figure 2.31. The
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upper-left graphic (a) illustrates the no-load current case. As is expected, there is
minimal flux leakage and the DC coil H-field is almost entirely maintained within the
core, which saturates on application of 500kAT. The upper-right graphic (b) depicts the
case where 1000Arms load current is applied to the AC coils and 6500kAT of DC bias
is now required to saturate the cores. Introduction of the load current causes flux
leakage to occur. The lower-left graphic (c) shows the effect of 1.5x core grading on the
DC limbs and yokes when the AC load current of 1000Arms is applied. Significant flux
leakage is present; however, the AC limbs are saturated on application of 4000kAT of
DC bias. The lower-right (d) graphic demonstrates further the effect of core grading in
that the DC bias requirement is reduced to 3000kAT on application of 2.0x core grading
on the DC limbs and yokes. Significant leakage flux is also present. Stray magnetic
field is not considered desirable by the power industry, with most Utilities operating an
exclusion zone of 5 Gauss.
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Figure 2.31: Graphics tracing field lines from set start-points with the standard closed
core with varying AC load current, core grading, and applied DC bias for the ASL
Jordanthorpe specification.
Table 2.7: shows the core topology α for the four cases shown in Figure 2.31 (in
application of Equation 2.5.1). Table 2.7: also shows the effect of core grading on DC
bias requirement, which is significant when the high AC load current is applied.
Core
AC load
DC bias
grading on
current
required
α
DC limbs
[Arms]
[kAT]
and yokes
x1.0
0
500
4.8
x1.0
1000
6500
63
x1.5
1000
4000
39
x2.0
1000
3000
29
Table 2.7: Examination of Closed Saturated Core FCL core grading on DC bias
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As can be seen in Table 2.7:, the α factors for the standard closed core configuration are
high and a significant amount of the DC coil H-field is lost to leakage, even when core
grading is employed. Frequently, load currents of 2000ARMS can be requested by
utilities, which means that huge core cross-sections are required to keep the DC bias
requirement in a realistic range.
Manufacturability, transportability and requisite civil installation works are also a factor
to be considered with the standard closed core sFCL. The Zenergy Power sFCL
installed in Southern California Edison was a dry type 11kV device. At higher voltages,
dry insulation is not standard or readily accepted by the electrical equipment industry.
The Innopower solution is shown in Figure 2.32. As can be seen, each AC coil shares a
tank of dielectric insulating oil with its adjacent AC coil. This reduces the number of
tanks required; however, the complexity of sealing a tank of oil to laminated
transformer steel material still remains. The DC coil must be positioned on the central
limbs before the remainder of the core can be attached, removing the possibility of the
sFCL being mass produced using standard transformer making techniques.

Figure 2.32: Innopower 220kV scFCL [41]
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From a mass and size perspective, transportation of such enormous equipment cannot be
undertaken using standard roads, without police escort, in the USA or Europe. Table
2.8: presents comparative core masses and DC bias requirements for a given sFCL
specification (that of the ASL Jordanthorpe project).
AC load
Core grading
DC bias
1ph Core
current
on DC limbs
required
mass [T]
[Arms]
and yokes
[kAT]
1000
x1.0
17
6500
1000
x1.5
23
4000
1000
x2.0
27
3000
1000
x2.5
40
1500
2000
x2.5
40
3000
Table 2.8: Core masses and DC bias requirements for configurations that meet the ASL
Jordanthorpe 33kV scFCL specification.
On occurrence of a three-phase fault, the resulting magnetic field is balanced at steady
state and the induced voltage on the DC coil is not of significant concern. However, on
occurrence of a single phase fault, the three-phase cancellation effects are not present.
Accordingly, a large voltage can be induced on the DC coil. Innopower incorporate a
fast acting switch system to open-circuit on the DC coil on detection of an AC fault
current [43]. A protection circuit including a dump resistor to absorb the DC coil
energy, without development of high instantaneous over-voltages, is also included.
Induced currents in the DC circuit that would act to prevent the de-biasing of the AC
limbs and thus, FCL back-emf generation, are eliminated in the open-circuit DC circuit
condition. The DC coil itself is protected by dumping its stored magnetic energy into
the parallel dump resistor. Innopower also suggest using passive magnetic shielding to
protect the DC coil from high induced voltages [44].
The closed Saturated Core scFCL configurations presented in this review all suffer from
significant biasing inefficiency caused by flux leakage. On application of a reasonable
load current, the flux leakage can constitute the majority of the NIDC ampere-turns
provided by the bias coil. As the core steel becomes saturated, its relative permeability
approaches 1 and it no longer has a lower reluctance than the surrounding air paths.
Hence, flux will leak out according to the lowest reluctance path available. As the AC
limb is geometrically remote from the DC bias limb, and not necessarily on the natural
field lines of the DC H-field, shorter, lower reluctance paths exist to close the magnetic
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circuit. The AC field acts to force the DC field to other paths outside of the AC outer
limb of the core, also promoting flux leakage. An examination of α values in Table 2.7:
illustrates this. Hence, in closed core configurations the majority of the flux set-up by
the DC coil can leak out of the core and not be effective in saturating the AC core limb.
The extent of flux leakage in a closed core configuration, and the resultant H-field
requirement, mandates that the DC coil be superconducting. Given that under correct
biasing conditions, most of the steel in the core is saturated (with a relative permeability
of 1) and thus appears magnetically as air, the focus of this research work was initially
to look for optimal DC bias arrangements that purposely replace the steel limbs (which
are inherently heavy) with air return paths. This resulted in the concept of the Open
Core sFCL.

Figure 2.33: Zenergy Power closed saturated core and open core scFCLs [38]

2.6.2

Open Core scFCLs developed as part of this body of research

Through modelling and experimental investigation, Zenergy Power [46] determined that
replacement of the closed core steel limbs with a completely open core air return path,
led to little difference in DC bias requirement. Hence, several arrangements, based on
that shown in Figure 2.33 were investigated to reduce the total DC bias requirement of
the open core. Numerous configurations of open core sFCL were developed from the
concepts investigated and presented in this thesis, including various advantageous single
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phase and three-phase arrangements. The central feature of the open Core scFCLs
developed is that the DC bias coil or coils encompasses all of the open cores and AC
coils. Each AC phase still comprises of two AC coils connected in series and with
essentially the same operating principles on fault occurrence as a closed core scFCL.
The Open Core scFCL was developed to address the inefficiency in core biasing and
high leakage flux associated with the closed-core saturated scFCL. The open core
configuration allows for elimination of the steel yokes and limbs that, when saturated
themselves, do little to promote saturation of the outer AC limbs of the standard closed
core (essentially acting as a promoter of flux leakage and biasing inefficiency). The
cores used in this scFCL are open and are each encompassed by an AC coil. The shape
of the cores and AC coils depends on configuration, which is often voltage level driven.
However, they are generally designed to maximise the steel area that can be
accommodated efficiently within the HTS bias coil, and can be formed from pie-shapes,
D-shapes, oval-shapes, kite-shapes or made round. The cores and coils are positioned
inside the warm bore of the HTS solenoid bias coils, within the area where the DC Hfield naturally develops most intensity; as opposed to being positioned remotely to the
DC H-field generation (as is the case with the closed core). Hence, the bias required is
often lower than for a comparable closed core configuration. Although there remains a
large amount of flux leakage in the open core, it has not been found to be significantly
higher than that of the standard closed core. The major advantage is that the steel
requirement is a fraction of that of the standard closed core. The cost, weight,
manufacturing and logistical complexities have been reduced dramatically as a result of
the open core configuration. As the cores and coils are made from copper and steel,
essentially standard transformer equipment, the focus of the Open Core scFCL was in
maintaining as simple and standardised HTS coil configurations as possible. In the
Open Core scFCL, the HTS coils are decoupled physically, electrically and thermally
from the AC line current. This simplifies the design of the FCL and increases the
robustness, which are essential elements of utility acceptance.
Magnetically, there is no significant increase in transformer coupling potential
introduced by most of the open core configurations. There are a few reasons for this:
§

The AC components are all installed inside a metallic tank, which provides an
amount of passive shielding;
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§

in a three-phase device the DC coil encompasses all three phases of the AC
system in a three phase device and flux cancellation occurs in the same way as it
does for the standard closed core;

§

in a single phase device, more than one core is enclosed by each DC coil, so
there still remains enough flux cancellation present to prevent damaging overvoltages being induced;

§

the DC coil(s) can be strategically positioned to prevent encompassing the
regions of the core that see the most significant flux changes upon fault
occurrence.

Hazardous coupling can still occur in some of the Open Core sFCL configurations (as
is discussed in Chapter 4), which can result in damaging over voltages on short circuit
fault conditions. Protection circuits can be designed to provide DC coil protection in
these configurations.
The main disadvantages of the Open Core sFCL are that it still requires a
superconducting coil and system to provide sufficiently high magnetic fields to saturate
the steel cores. The HTS system forms the bulk of the complexity and cost of the
scFCL.

2.7

Scope of Technology development as part of this body of
work

Primary impediments to large scale Saturated Core FCL adoption by the power industry
are:
•

the costs and complexities introduced by the superconducting bias coils;

•

the costs and complexities introduced by the weight of the cores required.

In this research, optimisation of the open core scFCL designs was extensively
investigated. The Open Core FCL, by its very nature, already allows for elimination of
most of the steel used in a Closed Core FCL. The remaining challenge was to reduce the
cost and complexity of the superconducting system required. The approach taken to
achieve this goal was through examination of methodologies that allow manipulation of

61

core configuration, geometry and magnetic circuitry for optimum sFCL biasing and
performance.
Open Core scFCL configurations were investigated, characterised and optimised; with
prototypes designed, simulated, built and tested. In particular, this work focuses on
optimisation of the required DC bias coil(s), including the number of coils required, the
optimal bias point and the DC coil positioning relative to the iron core and AC coil
configuration of an Open Core scFCL. Any reduction in the DC bias requirements of
HTS FCLs leads to significant cost savings, along with reduced design complexity and
operational benefits. In undertaking this analysis FEM software was used to investigate
the various Open Core scFCL design parameters and performance characteristics.
Definition of the scFCL model, geometry, and the electrical and electromagnetic
parameters significant to FCL design and optimisation, from the perspective of required
DC bias and fault limiting performance, is presented. Laboratory prototyping and test
results are also presented, which validate the FEM models and together establish design
principles for saturated open core scFCLs with reduced DC bias requirement and
optimal operational effectiveness.
In terms of saturated core scFCL configuration progressed in this work, initially the
open core technology was investigated and characterised. Further to this, research
focussed on advanced open core configurations, developed to reduce total DC bias
requirement and HTS DC coil module requirement in functional and operationally
effective sFCLs. Also investigated and developed, was a low reluctance closed core
sFCL technology that facilitated elimination of the HTS bias system through
significantly reducing DC bias requirement to an extent that made a copper DC bias
viable.
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3.

FCL Design Modelling

3.1

Introduction

In designing and analysing sFCLs, both analytical and numerical mathematical models
were developed as part of this research work. Both forms of electromagnetics modelling
are important as they reconcile electromagnetic theory with the applicable physics of the
sFCL and promote, from first principles, fundamental understanding of the operating
characteristics of the sFCLs. Both forms of modelling also offer different advantages in
designing, optimising and researching sFCL function, with the mathematical approach
enabling a design space to be quickly defined and electromagnetic Finite Element
Analysis modelling providing detailed performance characterisation and component
analysis.
The numerical mathematical modelling developed is based on electromagnetic
fundamentals as applied in power transformer design and other electrical machinery
design. It is most useful in quickly establishing ball-park sFCL design solutions based
on electric fault circuit specification, which is itself deduced from the network single
line diagram information provided by prospective customers or calculated from more
comprehensive system information.
The analytical FEA modelling developed is based on application of Maxwell's
Equations to the sFCL physics through the Finite Element Method (FEM). The
commercial FEA software Comsol Multiphysics was used in this work. It provides a
'virtual prototyping' function, enables investigation of new and novel sFCL concepts,
and is a highly efficient and cost effective tool in broadening the knowledge base
around sFCLs. Comsol allows electric circuit coupling with the sFCL physics captured
in the FEA model, facilitating analysis of the sFCL response under a variety of normal
operating and short circuit fault situations. FEA modelling permits in-depth
investigation of a variety of sFCL configurations. It facilitates development of
fundamental understanding of various sFCL design parameters and their relative effects
on magnetic flux manipulation mechanisms in the cores and surroundings, and their
resulting electrical outputs, through which sFCL performance advantage can be gained.
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Extensive investigation was undertaken in this work to characterise and optimise
various DC coil biasing regimes. FEA was particularly useful in this regard, resulting in
the generation of DC bias curves for any given sFCL geometry through magnetostatic
analysis. This in turn formed the basis for optimisation of the functional design, based
on either further transient FEA modelling work or application of closed form
mathematical modelling.
The multi-objective optimisation software OptiY was also employed as a design tool
throughout this project. In combination with OptiY the Comsol FEA model script can
be nested within an optimisation loop, in which numerous sFCL parameters can be
declared as design inputs and a variety of sFCL parameters, including electrical (such as
insertion impedance, fault current limiting, etc.), geometric (total tank height, core
mass, copper mass, etc.) or commercial (total manufacturing cost, running losses cost,
etc.), can be declared design output criteria. The output criteria can be set as
minimisation objectives for the optimisation algorithm. In a single-objective
optimisation a direct relationship can be found between the input parameters and the
single criterion being minimised. In contrast, when an optimisation problem has
multiple objectives the criteria may be in conflict with each other. Hence, the
minimisation of one criterion may directly correlate to a maximisation of another
criterion. The optimal solution often involves compromise between conflicting
minimisation objectives. This is often the case in an sFCL design, where minimum
insertion impedance and minimum fault current are objectives that conflict with each
other. The OptiY algorithms combine with the Comsol FEA script to generate an
optimal Pareto Frontier curve that represents this trade-off for the sFCL input
parameters and defined output criteria.

3.2

Maxwell's equations overview

Solutions to sFCL magnetic modelling through FEM are based on resolving the
magnetic flux distribution in and around the sFCL cores and establishing governing
equations for induced back emf on the FCL windings and bias system. Magnetic vector
potential is used in combination with constitutive relationships between the appropriate
electric and magnetic phenomena, definition of applicable material properties and
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definition of physics boundary conditions. Hence, the Maxwell equation set can be
solved. For transient magnetic and electrical circuit coupling, calculation of the induced
back emf on the AC windings is an integral part of the coupling approach linking the
magnetic field and the electrical circuit. The system of electric circuits can be modelled
automatically with FEM software coupled circuit applications, or via closed form circuit
equations for simple circuit models. The resulting field and circuit equations are
coupled together and solved simultaneously at every time step in the time domain.
Using FEM with electrical circuits, for transient device simulation, allows for efficient
optimisation of design and reduced prototype testing.
The problem of electromagnetic analysis on a macroscopic level is that of solving
Maxwell’s equations subject to certain boundary conditions. Maxwell’s equations are
widely published and form a set of equations, written in differential or integral form,
stating the relationships between the fundamental electromagnetic quantities of Electric
field intensity, Electric flux density, Magnetic field intensity, Magnetic flux density,
Current density, and Volumetric electric charge density [47].
The differential form of Maxwell's equations is preferable as it leads to differential
equations that are suitable for solution using the finite element method. The equations
are:
∇ ×H = J +

Ampere's Law:

LO

L"
LM

(3.1)

Faraday's Law:

∇ ×E = −

Gauss's Law for magnetic field:

∇ ∙B=0

(3.3)

Gauss's Law for electric field:

∇ ∙ D = ρU

(3.4)

LM

(3.2)

where B is the magnetic flux density [T], H is the magnetising field [A/m], E is the
electric field [V/m], D is the displacement field [C/m3], J is the current density [A/m2]
and ρU is the electric charge per unit volume [C/m3] [48].
Ampere's Law states that a circulating magnetic field is produced by an electric current
and electric field that changes with time. Faraday's Law states that a circulating electric
field is produced by a magnetic field that changes with time. Gauss's Law for magnetic
field states that the divergence of the magnetic field at any point is zero. Gauss's Law
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for electric field states that the electric field produced by electric charge diverges from
positive charge and converges upon negative charge [49].
Equations 3.1 to 3.4 are traditionally known as Maxwell's equations. However, other
equations are used in combination with Maxwell's equations; the Magnetisation
Equation (3.5), the Polarisation Equation (3.6) and the Continuity Equation (3.7).
O

Magnetisation equation:

H=

−M

(3.5)

Polarisation equation:

D = ϵ9 E + P

(3.6)

Continuity equation:

∇. J = −

VW

Z𝝆
Z\

(3.7)

where, M is the magnetisation vector [A/m], μ0 is the permeability of free space [H/m],
P is the polarization vector [C/m3], Є0 is the permittivity of free space [F/m], and Єr is
the relative permittivity [48].
Equations 3.5 to 3.7 are combined with Maxwell's Equations along with the defined
constitutive relations of electric and magnetic fields that act from the boundary
definition on the problem physics and through the material properties. To obtain a
closed solution of the complete equation set, it is necessary to add these constitutive
relationships between the Maxwell quantities D, E and ρ; B, H and M; and J and E.
These constitutive relations describe the properties of the magnetic medium and in
application to FCL modelling must handle the non-linearity of the FCL operation.
Fortunately, the FCL non-linearity is governed by the material properties of the core
steel, which are generally well known. In a linear, homogeneous and isotropic medium
characterised by electrical conductivity (σ [S/m]), permittivity, (ε) and magnetic
permeability (µ), the constitutive equations are manipulated to describe the properties of
a medium (Equations 3.8 - 3.11).
A generalised form of the constitutive relation for the magnetic field in linear, isotropic
and non-dispersive material is:
B = µ9 µ; H + B;
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(3.8)

as essentially the remanent magnetic flux density in the FCL cores can be taken to be 0.
The generalised form of the constitutive relation used for the electric fields is:
D = ∈9 µ ∈; E + D;

(3.9)

The field Dr is the remanent displacement, which is the displacement when no electric
field is present.
For transformer steel (used in the FCL), the nonlinear relationship between B and H is
defined by the function:
B=𝑓 H

(3.10)

The relation defining the current density is generalised by introducing an externally
generated current Je. The resulting constitutive relation is [47]:
J = σE + J_

(3.11)

Solution of Maxwell’s equations to determine values of E, H, D, B for manipulation
into parameters that describe the integration of an sFCL in an electric grid requires
boundary conditions to be defined. The following sections describe further the
application of Maxwell’s equations to the FEA undertaken.

3.3

Boundary Conditions

Boundary conditions must be resolved at the interface of two different media (properties
are denoted with subscripts 1 and 2 in Eqns 3.12 - 3.15 for the two media that interface
across a boundary), through which an electromagnetic field acts. The final-form of the
boundary condition definitions at such an interface are written as:
(E1 − E2 ) × n = 0

(3.12)

(H1 − H2 ) × n = K

(3.13)

(D1 − D2 ) . n = ρs

(3.14)
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(B1 − B2 ) . n = 0

(3.15)

where n is the unit normal vector to the boundary, K is the surface current density
[A/m2], and ρs is the surface charge [C/m2] [50].

3.4

Scalar and Magnetic Vector Potential applied to Maxwell’s
Equations

In combination with the FEM it is helpful, and expedites solution computation, to
formulate the problems in terms of the electric scalar potential (V) and the magnetic
vector potential (A). In electric field problems electric potential (φ) can be related to the
electric field intensity (E), as:
J = σE = -σ∇φ

(3.16)

In this case, φ is a scalar potential. Similarly, a scalar potential (φm) can be defined for
magnetic fields as,
B = µH = -µ0µr∇φm

(3.17)

However, this scalar potential is only available when the current density is zero. When
non-zero currents exist, the scalar potential cannot be used as the vector H cannot be
defined as the gradient of φm. In such a case, a vector potential is introduced to replace
the scalar potential in order to solve Maxwell's equations [50].
The defining equation for the magnetic vector potential is a direct derivation of Gauss's
magnetic law. The electric potential equation results from Faraday’s law. The magnetic
vector potential (A) is a vector field defined by the equation:
B=∇×A

(3.18)

and, the Maxwell-Ampere law reduces to:
∇ x H = Je
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(3.19)

For time-dependent FEM analysis, induced magnetic field reaction can be accounted for
through insertion of the magnetic vector potential into Faradays law:

∇ ×E = −

∇ × L*

(3.20)

LM

Given that the electric field in electrostatics is equal to the negative gradient of the
potential, the equation for the electric field in electrodynamics fulfils both electrostatics
principles and Faraday's law as:
L*

E= −

LM

− ∇V

(3.21)

The current density used for the time stepping FEM analysis is then based on Equation
3.16 and defined as:
J = −σ

L*
LM

− σ∇V

(3.22)

The final equation for FEM analysis then becomes:
L
Ld

ω

L*f
Lg

+

L
Lh

ω

L*f
Li

= σ

L*f
Li

+

Lj
Lk

(3.23)

The term on the right-hand side of Equation 3.23 describes the induced magnetic field
reaction, that of induced currents that try to oppose the change in the magnetic vector
potential, thereby changing the resultant magnetic flux. The second term is the current
produced by the applied voltage. In a 2D simulation, the voltage gradient in the zdirection is equal to the negative of the applied voltage over the conductor divided by
the length of the conductor. The left side of the equation is the diffusion equation for the
vector potential. The right-hand side corresponds to the sources of the diffusion of the
vector potential, where ω is the velocity of alternating magnetic field [48].
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3.5

Extraction of FCL performance parameters from FEA
analysis

The impedance of the scFCL is proportional to the instantaneous self-inductance of its
AC coils. The self-inductance is lowest when the core steel is fully saturated. Reliable
prediction of the applied H-field required to saturate the cores is an essential facet of the
FCL design tools. This enables examination and employment of methodologies to
reduce DC coil cost and optimise current limiting capability on occurrence of a fault.
In FEA, the AC coil self-inductance is calculated from the integration of enclosed
magnetic flux in the AC coil, described by:

L=

345 ×l
m45

(3.24)

where φ is the magnetic flux linkage through each AC coil turn, NAC is the number of
AC turns and IAC is the current. In the FEA software, flux linkage is calculated as:

φ=

*o .&d p *q .&h p *r .&f .345
*#_t,&+uBv

(3.25)

where AX is the X component of magnetic vector potential, ix is a unit vector for the AC
coil geometry in the x-direction, iy is a unit vector for the AC coil geometry in the ydirection, iz is a unit vector for the AC coil geometry in the z-direction, and AC_coilCSA
is the cross-sectional area of AC coil. A volume integral of these expressions are a
direct application of Stoke's Theorem [47].
The simplest method for determining the FCL reactance and how it changes with
application of DC based H-field, is to undertake a magnetostatic analysis based on the
calculation of AC coil self-inductance as described in Equation 3.25. A small signal
analysis is undertaken in which a linearised model for small oscillations is extracted
around a DC operating point. The FCL core relative permeability at the DC operating
point is established for a given application of DC energisation current in the DC coil
along with application of a DC current in the AC coil (which is typically equivalent to
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the peak of the normal load current seen by the FCL). On solution of the bias point a
second analysis is undertaken, in which a small current is applied to the AC coil and its
self-inductance at that bias point is extracted from the volume integration described by
Equation 3.25. This self-inductance value captures the effect of core relative
permeability and allows analysis of the effectiveness of different DC coil biasing
regimes on efficient core biasing and FCL performance outcomes.
The self inductance of a coil on a biased core may also be determined using small signal
analysis (as described above) with the second leg of the analysis comprising of a total
volumetric integration of magnetic energy density:
L*# = 2 x Wm

I*# F

(3.26)

where Wm is the volume integral of magnetic energy density for the FEA system when
one AC coil is energised [47].
Figure 3.1 shows the results of a magnetostatic analysis examining the DC bias
requirement for the AC circuit and FCL configuration described in Table 5.2: (with full
load resistance) and Table 5.3:. The curves are generated in FEA software, with the
FCL reactance calculated using Equations 3.25 and 3.26. DC bias is incrementally
increased for each curve to the point where the FCL impedance asymptotes to that of an
air core reactor of equivalent geometry to the FCL AC coils. Bias curves for different
DC coil spacing is shown as bias level is increased for each increment of spacing.
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Figure 3.1: FEA generated bias curves
In transient analysis, the induced voltage (Vi) across the FCL AC coils is calculated
from the expression:

V& =

yo .&d p yq .&h p yr .&f .345
*#_t,&+uBv

(3.27)

where the x-component of electric field (EX), [V/m] is defined as:
Ez = −d(Az , t),

(3.28)

and the unit vectors ix, iy and iz are defined in Section 3.6 of this Chapter [47]. The
resistive component of voltage across the FCL is calculated based on the AC coils
cross-section, winding length and resistivity as per Ohm’s law and applied in
calculating the circuit current as described in Equation 3.29.
The basic functionality of the FCL in transient analysis can now be extracted, either by
coupling those parameters extracted from the volume integrations described in this
Section over the relevant FEA geometries (with predefined circuit components) or by
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insertion of those parameters into ordinary differential circuit equations (such as that in
Equation 3.29).

3.6

FEA model building

To build the scFCL FEA models, the Comsol Multiphysics ACDC module was
employed. The models include definition and generation of scFCL physics, DC coils,
AC coils, core geometries, other supporting structure (such as oil tanks and core
clamping) and the air domain. The air domain can be set up as an infinite element or just
made many mulitples larger in geometry than the sFCL. Many environments modelled
with finite elements are unbounded or open, which means that the electromagnetic
fields extend toward infinity. In Comsol, Infinite Element implementation maps the
model coordinates from the local, finite-sized domain to a stretched domain. The inner
boundary of this stretched domain coincides with the local domain, but at the exterior
boundary the coordinates are scaled toward infinity [47]. Geometry generation is
relatively simple, following basic 3D drafting methodologies common to CAD
packages. 2D FEA was rarely undertaken in this study as the scFCL geometries
investigated are not axially symmetric and three electrical phases need to be considered
in most fault investigations.
Meshing was undertaken using the Comsol free tetrahedral mesh tool, in which
individual subdomain meshes can be increased or adjusted as required. Adjustments
generally depend on the sensitivity of data extractions from integrations being taken
over a given subdomain geometry, or on facilitation of easy mesh propagation through
adjacent subdomains or the entire model geometry.
The electric circuit node in Comsol allows coupling of the FEM physics to any electric
circuit. Coupling may be undertaken via inclusion of a global variable as a lumped
parameter in the circuit, which is extracted from the FEM model via a volume or
boundary integration. Alternatively, the global variable may be included in ordinary
differential equations that describe the electrical circuit. An example is given in
Equation 3.29 which describes the AC current through the FCL in the circuit shown in
Figure 3.2.
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IAC = (VAC - LAC*d(IAC,t)+VFCL)/(RAC+RLOAD*SWITCH)

(3.29)

The voltage induced across the FCL (VFCL) is calculated as described by Equation 3.29.
Examples of transient modelling results and comparisons to measured results will be
presented in the following Chapters of this thesis.

Figure 3.2: Schematic of circuit coupled open core FCL FEA and test setup
The FCL integrated circuit is reduced to a single line diagram which can be defined in
terms of basic lumped circuit parameters (like those shown in Figure 3.2). Application
of current density and extraction of integrals is dependent on coil geometry and
orientation relative to the global coordinate system. Applied current density is defined
in terms of a unit vector parameter application through a unit vector, and must align
with the physical geometry through which it is being applied. For example, in Figure
3.3, one AC coil component of a three phase sFCL is shown. The current density
through coil 1 (Jac1) is:
J'tE = (I*#E ×N*# )/A*#
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(3.30)

where, AAC is the cross-sectional area of the defined subdomain [m2].
This is applied as:
Jg = J'tE × ix;

(3.31)

Ji = J'tE × iy;

(3.32)

Jk = J'tE × iz;

(3.33)

Figure 3.3: Showing the 2D outline of AC coil along which Jac1 is applied in 3D
The unit vectors relate the geometry to the global coordinate system through the
definitions:
Unit

Definition

Vector
ix

(core1_x3-core1_x1)/ ((core1_x3 − core1_x1)F + (−core1_y3 − core1_y1)F )

iy

(-core1_y3-core1_y1)/sqrt((core1_x3 − core1_x1)F +(−core1_y3 − core1_y1)F )

iz

0

where core1_x3 etc., are parameterised variables that relate the three core apexes to the
global origin of the model.
OptiY optimisation software was employed in this research, both in wholistic sFCL
high level electromagnetic design and also in more concentrated studies aimed at
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optimising specifics of scFCL performance. To enable this the Comsol Multiphysics
FEA models were scripted in the Java programming language, with the Java script, Java
compiler and Comsol Batch execution commands included in the OptiY optimisation
workflow. Depending on the number of inputs and the type of optimisation required, a
suitable OptiY optimisation algorithm is selected. Filters and functions can be
programmed to exclude FEA runs on parameter combinations that are outside those that
will be satisfactory. These functions are calculated based on electromagnetic closed
form equations, combined with electrical circuit or commercial considerations, as
relevant. An example of an OptiY workflow is shown in Figure 3.4. In this case there
are two minimisation objectives and OptiY generates a Pareto Frontier that will capture
the compromises required in minimising either or both of the minimisation criteria
objectives.
The OptiY and Comsol optimisation result shown in Figure 3.5 is for a preliminary
scFCL design in which only three sFCL design parameters, NAC, HAC and ACORE, are set
as variables. These variables are bound within reasonable limits. The minimisation
parameters are cost and mass. The FEA model is fully parameterised so that alterations
to these three variables, by the OptiY optimisation algorithm, modifies the geometry of
the FEA model through the Comsol Java script. Comsol Batch runs a Java compiler for
the FEA script and executes the FEA run on each iteration of the global optimisation
solve.
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Figure 3.4: An OptiY and Comsol optimisation workflow
There are two control functions in place, one for NAC.ACORE and one for AC coil air
core voltage drop. These ensure that wasteful runs (where there is not enough core
material or AC turns present to meet the current limiting requirement, or where the air
core voltage drop exceeds that acceptable) are not run for this design problem, thus
increasing FEA productivity.
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Figure 3.5: Typical OptiY Pareto Frontier of fault current limiting versus sFCL terminal
voltage drop.
Other design outcomes like scFCL build cost and mass can also be included in the
workflow, either directly in the Comsol script or in a separate spreadsheet that runs in
parallel to the FEA solve using the same inputs (as shown). These design outcomes
could also be included in the optimisation objectives, if required.

3.7

scFCL operating principles and analytical mathematical
modelling

Insertion impedance
The characteristics essential for satisfactory FCL performance are those of low
impedance during normal operation and instantaneous switching to high impedance on
occurrence of a fault. Hence, the FCL design approach and operating principles are
dominated by satisfactorily meeting these requirements. The scFCL single phase
insertion reactance is defined as,
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X‰#@ = 2 ×L*# ×2πf

(3.34)

where, LAC is a single AC coil self inductance. Note that there are two AC coils
connected in series and wound with opposing winding sense, as shown in Figure 3.2.
In order to achieve low FCL insertion impedance, the core steel must be as saturated as
possible. As can be seen in Figure 3.6, the relative permeability of transformer steel
materials, which are preferable for scFCL applications, increases by many multiples
with any deviation from the saturated state.

Figure 3.6: M3 Steel material properties [42]
Ensuring that the FCL cores remain saturated during normal operation allows the AC
coil self inductance to approximate that of an equivalent air core inductor (i.e. µ; ≈ 1).
The single coil self inductance can be defined as:

L*# =

3645 ×*45
745

µ9

*5•Ž•
*45

µ; − 1 + 1

This accounts for the fact that the steel is not always fully saturated [38].
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(3.35)

Back-emf generation
On occurrence of a fault, the increase in AC current and corresponding AC H-field
forces the FCL cores to toggle through the high permeability region of the BH curve.
This increases the reactance of the FCL and instantaneously raises the overall network
impedance, subsequently limiting the fault current. In a single phase, the two series
connected AC coils are wound in opposite winding sense. This ensures that in one halfcycle one core experiences a magnetic field excursion through the BH curve while the
second core remains in saturation. During the following half-cycle the second core
toggles. The resulting FCL impedance increases with both positive and negative current,
as each of the two AC coils respond by toggling their respective core.
Given that the FCL reactance increases on occurrence of a fault, it follows that the back
emf generated across the FCL terminals also increases. The back-emf is generated in
accordance with Faraday's law of induction. It can be assumed that a sinusoidal back
emf is induced on each AC coil during each cycle for the purposes of forming a design
envelope to characterise the FCL performance. The induced emf is proportional to the
variation of linked flux in the AC coil, as:

emf‰y = N*#

-l
-M

(3.36)

where all of the flux linked is considered to be in the core steel. A biased scFCL has an
air core reactance that also must be considered. As with any inductor, the back-emf is
proportional to the coil reactance as defined by:
emf'&;_t,;_ = 2×L*# × π ×frequency × I*#

(3.37)

where LAC is for a single coil and IAC is the normal AC line current or short circuit fault
current (be that RMS or peak, depending on the calculation being conducted).
In order for an FCL design to clip x% of peak fault current, the peak emf contributed by
action of toggling the FCL steel cores must be:
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emf“_'” =

gu•–A
E99

2×V@— − emf'&;_t,;_

(3.38)

where emfair_core is taken at when IAC is at its peak.
Again, assuming that the emf generation is sinusoidal, the Volt-second (a derived SI
unit of magnetic flux, equal to a Weber) generation requirement can be determined as:

Voltsec =

=

›

Mš
œV
Mš9 ‰#@

_ ¡A¢v£
¤

dt =

Ÿ

žš
6V
žš9 ‰#@

cos ωt dθ

V. sec

(3.39)

Transformer steels are generally engineered to maximise the linear BH region of normal
transformer coupling operation. Hence, widely available standard materials, such as M6,
can be assumed to saturate at 2 Tesla or above. On occurrence of a fault, the maximum
emf is induced when the entire linear region of the BH curve is traversed (i.e. from 2
Tesla to -2 Tesla for M6). The majority of the flux change is also assured to occur
within the steel core cross section and not in the air gap between the core and AC coil.
Using Equation 3.39, the multiple of the FCL core cross section and the number of AC
turns can be expressed as follows:
Oš¥F¦_(+'

Volt. sec = N*#

dφ = N*# A*#

dB
OšF¦_(+'

= 4. N*# . A#¨©y

(3.40)

From Equations 3.36 to 3.40, the electromagnetic design of the FCL can be framed and
bound around various design parameters and constraints that are specific to the
performance outcome requirements and electrical network inputs. Satisfactory design
outcome depends on balancing the requirements of low insertion impedance against
high fault current clipping. These have conflicting demands in terms of AC turns, core
area, instantaneous core permeability and core toggle (which are all required to be as
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low as possible for low insertion impedance), and AC coil height (which is required to
be as high as possible for low insertion impedance).
Usually, a design application requires a small voltage drop across the scFCL at full load
current, which can be expressed in terms of a percentage of the source voltage. Most of
the voltage drop will be as a result of the scFCL reactance, as the only resistive
contribution to impedance is the AC copper winding resistance (usually orders of
magnitude lower than the reactance). At normal load current, this specification will
bound acceptable combinations of NAC.ACORE along with Equations 3.36 and 3.40.
Subsequent scFCL parameter definition will arise from acceptable coil and core heights,
masses and areas etc., depending on what can be made and transported easily, with HTS
coil constraints having a large input into parameter definition.

3.8

Magnetostatic FEA modelling

Applied DC bias and the DC magnet configuration play a significant role in scFCL
design as they largely determine the core saturation level obtained and required to
provide low core permeability and low unfaulted scFCL insertion impedance. An
example of DC bias curves are presented in Figure 3.1. The DC bias curves show the
scFCL reactance plotted against increasing NIDC and make a significant contribution to
analysing the normal operation arrangement of the scFCL (physically) and its unfaulted
state output. However, the applied DC bias and magnet configuration also considerably
affect the scFCL performance upon occurrence of a fault.
Application of excessive DC bias will generate a large H-field that drives the cores deep
into saturation in the unfaulted state. As a result, on occurrence of a fault, the AC
generated H-field will not be sufficient to adequately de-bias the cores and generate the
back emf that is required for the expected current clipping. Application of excessive DC
bias is expensive in itself along with introducing numerous design complications, as it
requires more superconducting tape and associated cryogenic equipment. High DC bias
also leads to an inefficiently operating scFCL in which, upon faulting, the AC generated
H-field does not toggle the cores through the entire linear region of the BH curve,
essentially leading to core material that is not being utilised.
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This effect is demonstrated in Figure 3.7, where for a given scFCL core and coil design,
various DC bias points are plotted against increasing current application to the AC coils.
At higher DC bias application there is less FCL reactance for a given level of AC fault
current and a higher level of AC fault current is required to toggle the core to high
reactance. An increase in AC turns counteracts the effect of excessive DC bias
application as it raises the AC H-field for a given AC coil current application. This
study was undertaken in a magnetostatic mode where the magnetic fields set up by the
AC and DC coils are representative of those that occur in normal operating and faulted
states.

Figure 3.7: Magnetostatic analysis of core toggling on application of different DC bias
points and AC coil applied current
The DC bias required to saturate the FCL cores consists of three distinct components,
and can be expressed as,
N"# I%&'( = N"# I('M + N*# I*#A£ + α

(3.41)

where NDCIbias is the magnetising force required to saturate the core in the presence of
the peak AC steady state, un-faulted current; NDCISAT is the saturation magnetising force
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required to saturate the core steel when the AC component is present (this is function of
material property and geometries); and, NACIACpk is the additional magnetising force to
overcome steady state AC coil magnetisation [42]. As discussed in Chapter 2, α is a
variable that accounts for flux leakage from the cores.
Comparing FEA magnetostatic and laboratory measured DC bias curves (like those
shown in Figure 3.1) has served as an excellent validation tool of novel scFCL
concepts. This has also provided benchmarks for both laboratory measurement
equipment/setup and FEA modelling. Generating these curves in FEA is undertaken
through incremental application of increasing NIDC (essentially, IDC) and extraction of
the AC coils' reactance in a magnetostatic analysis as described by Equations 3.24 and
3.25. Alternatively, at each DC bias point, a full transient AC cycle can be simulated
with the voltage drop across the sFCL extracted as outlined in Equation 3.27. Reactance
can then be calculated using this voltage to measure insertion impedances at various
bias points. The AC coils are inserted in a circuit with a small AC voltage source. The
voltage across the AC coils is recorded at increments of DC bias and the AC coils'
reactance is hence extracted.

3.9

DC Bias modelling – FE modelling and measurement

The DC bias requirement forms the dominant cost contribution to a commercial scFCL,
in financial, logistic and maintenance terms. Hence bias reduction is a significant aim in
every scFCL design. Along with the reduction in costs and complexities, the AC H-field
is also able to optimally de-saturate the core material and optimally offer high
impedance to the grid network on occurrence of a short circuit fault. For these reasons
bias reduction forms a major focus of this body of research. The use of compact open
cores in place of the standard closed core scFCL increases the DC H-field requirement
and necessitates a HTS biasing system; however, for the reasons of system cost and
efficient operation, a huge incentive still exists to reduce the DC bias requirement.
For design optimisation the geometry model was parameterised, allowing iterative
investigation of the effects on device performance of varying any aspect of the design.
Appropriate material properties, boundary condition definitions and loads were assigned
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to relevant geometry domains and the FCL and surrounding air volumes were meshed
before solution. Figure 3.8 presents an example of DC bias modelling on an scFCL
where the single DC coil height was varied. In this study, AC coil inductance was
calculated for applications of the same DC bias through DC coils of different height.
The plots show that for single DC coil biasing on an open core scFCL, a tall DC coil
provides more efficient core biasing. Figure 3.9 shows a series of plots generated
through optimisation modelling undertaken to assess the most efficient Helmholtz-type
DC bias coil spacing arrangement on an open core scFCL. In this case, the study
indicated that a DC coil spacing of 75% of AC coil height is the most efficient for
scFCL core biasing.

Figure 3.8: DC bias curves to minimise bias requirement using different DC coil
heights, with a single DC coil
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Manhattan single phase arrangement of yoked open core FCL.
AC coil Self Inductance with two Vlan DC coils vs DC coil spacing for a fixed core height.
Ndc = 2000. Nac = 12. Iac = 4000A rms. Core_h = 2.1m
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Figure 3.9: DC bias curves to minimise bias requirement using different DC coil
spacing distance in a Helmholtz type arrangement.
There are many factors that affect the de-saturation characteristics of the FCL, including
material properties, core dimensions, core arrangement, fault current, AC coil design
and DC bias level - all of these must be taken into account in the FCL design process.
Of particular interest is the DC bias level, which should be sufficiently large to prevent
the magnetising force developed by the AC coils from driving the core out of saturation
during un-faulted operation, yet allows the AC developed field to bring the core
material through a full BH loop at its faulted current peak, without significant resaturation. These conditions are summarised in Equation 3.41, where NDC is the number
of turns on the FCL biasing coils, NAC is the number of turns on each AC coil, Isat is the
DC current required to saturate the cores, IACpk is the amplitude of the steady state AC
load current, and α is the AC de-magnetisation factor (as the AC and DC coils do not
have equal influence on the core magnetisation). For an effective practical core design,
the design objective should always be to choose a DC bias that satisfies both Equation
3.41 and 3.42.
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N"# I%&'( = N*# I¡'ª+M ×√2×β

(3.42)

where NDCIbias is the DC magnetising force; NACIfault is the AC demagnetising force at
the root mean square value of the limited fault current; and β is a de-magnetising factor
[27]. The de-magnetising factor is dependent on DC coil configuration and DC bias,
core geometry and AC coil geometry. To predict an optimum DC bias point and
establishing an efficient FCL operational design, FEM analysis is undertaken.
The configuration shown in Figure 3.10 is one of a single phase open core FCL
prototype, built and tested to generate the characteristic saturation and de-saturation
curves presented in Figure 3.11.

Figure 3.10: A single phase open core setup [42]
The DC bias coil encompasses both AC coils and both cores. In generation of the plots
in Figure 3.11, the DC current was incrementally increased until the cores were fully
saturated. Subsequently, a higher AC current was applied to the AC coils to assess the
increase in DC bias then required to saturate the cores.
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Figure 3.11: Measured bias and impedance curves for an laboratory test open core FCL
where both AC and DC coils were energised

3.10

Model verification laboratory set-up

Verification of the FCL mathematical and FEA modelling work was obtained via
building and testing small prototypes at 312V and subsequently comparing the results.
Comparisons were also undertaken against larger 1500V level test devices. The process
in development of the FCL innovations presented in this work followed:
•

initial investigation and concept development;

•

mathematical and FE model development;

•

prototype design;

•

prototype in low power university lab;

•

prototype in high power lab;

•

commercial demonstration.

Experimental work and model validation were initially undertaken at the University of
Wollongong (UoW) FCL laboratory, which was instrumental in progressing the scFCL
development program from concept through to demonstration. The high power test
88

laboratory at the Ausgrid Lane Cove test centre was also used to test half-scale
prototypes. The half-scale prototypes were usually tested at a single phase line voltage
of 1.5kV, with prospective fault currents of up to 25kARMS.
The 312V sFCL test setup at the UoW laboratory was established to characterise the
performance of the small-scale prototype FCLs and serve as a 'proof of concept'
endorsement before further investment in the design and construction of higher voltage
level sFCLs. Instructive insight was gained in testing the prototypes at this 312V
voltage level as the technology is essentially fully scalable to higher voltages. For these
purposes, an automated test environment and data acquisition system were developed.

Figure 3.12: 312V level closed core sFCL with test instrumentation [42]
Nominally, the prototypes, such as the closed core FCL shown in Figure 3.12, were
tested at a source voltage of 312V, with a prospective steady state fault current of
5000Arms available from the test setup. A 96 kW resistive load bank was used to
simulate normal steady state load conditions, with a 3-pole contactor used to shortcircuit the load bank and simulate fault conditions. The test circuit is shown in Figure
3.13 and typical test circuit parameter values are presented in Table 3.1. Overall
supervisory control was handled by a standard PC running the LabView development
suite. A National Instruments data acquisition board was used for collecting the
experimental data and for interfacing the PC with the control hardware.
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The source voltage, FCL AC coil voltages and FCL DC coil voltage were all measured
via analogue input channels on the data acquisition board (after isolation and scaling).
Fault currents were measured using a closed loop Hall effect current transducer with an
8000A peak measuring capability. Integrating flux-meters were also used to measure the
flux densities in each limb, which were also connected to analogue input channels of the
data acquisition board. All of the data channels were sampled at a rate of 25,000
samples per second. The integrating fluxmeters produce an analogue voltage that is
proportional to the flux linking a search coil wound directly on the steel core.

Figure 3.13: Sample laboratory test setup for a single phase circuit with FCL
The components of the equivalent test circuit presented in Figure 3.13, and their
respective values (used during the characterisation tests) are listed in Table 3.1. The AC
coil resistances have not been included. These are typically measured; however, as it
has been found that they are orders of magnitude lower than the AC reactance
(particularly during a fault), they do not materially affect the accuracy of simulation
results.
Parameter

Value

Unit

V_a

312.√2.sin(2.π.f.t)

V

f

50

Hz

Rsa

0.11

Ω

Lsa

5.89e-4

H

R1

9.6

Ω

Inormal

32

ARMS

Ifault

1355

ARMS

Table 3.1: Small scale test laboratory setup circuit components
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The DAQ system is essentially the same as that used in the UoW test laboratory. The
Lane Cove laboratory is owned and run by Ausgrid and can provide internationally
recognised test accreditation certificates. The test centre takes its incoming power from
the North Sydney 132kV transmission line. In supply of the test cells, three single phase
transformers are connected in delta or star with transformer taps used to vary the test
supply voltage. The maximum available test voltage available is 25kV, with adjustment
of the source side resistances and reactance available to allow for different fault current
levels on the test cell and equipment. Load side reactances and resistances were also
adjustable to provide different steady state load currents.
For all of the experimentation undertaken in this body of work, copper DC bias coils
were employed in place of HTS DC bias coils. Instantaneous operating losses using
copper coils are high, even for the lower bias levels required of scaled prototypes. These
losses make the use of copper bias coils unfeasible or at least uneconomic for
commercial applications of many scFCL configurations. However, as DC bias steady
state can be achieved in a number of seconds for the coils used in scaled prototypes, at
which point an AC fault can be triggered and device response recorded, the total
operating loss is small and the heat generation can be managed. The cost and robustness
of the copper bias coils makes them a more convenient option for FCL development
research. As the bias coil characteristics and energisation circuit are well understood,
any impact it may have on the FCL response and subsequently the AC circuit can be
easily accounted for.
The fault and power capabilities available at Lane Cove Test Facility (see Appendix C)
are as follows:
• 24 kV / 1200A loading for 30 seconds.
• 500 MVA fault test for 10 cycles (voltage range between 11 and 24 kV).
• 300 MVA fault test for 50 cycles.
• Point on wave closing.
• 150 kA low voltage fault testing.
• 10 kA continuous heat run tests at up to 24 kV.
• Up to 150 kA fault current test at low voltage using separate low voltage transformers.
91

The results of the model validation at 312V and 1kV level are presented in Chapter 4
and 5 of this thesis through prototype development and testing for the various
innovations and scFCL configurations investigated.

3.11

Discussion

Analytical and numerical modelling of scFCL behaviour were developed, and described
in this Chapter. Mathematical modelling based largely on the electromagnetic
approximations, for sinusiondal electrical inputs, used in power transformer
development were adapted and applied to the scFCL. Electromagnetic FEA and
coupled-circuit modelling tools were also developed to investigate and characterise the
scFCL technology. The commercial FEA software, Comsol was employed. FEA
modelling was based on solution of Maxwell's Equations, applied to the sFCL physics.
Sophisticated understanding of the scFCL AC and DC behaviour was gained, allowing
numerous innovations to be leveraged and implemented in experimentation.
An scFCL prototype testing methodology was also developed as detailed in this
Chapter. The device modelling was validated against this testing program, the results of
which are detailed in the following Chapters for the different SFCL configurations
investigated. Validation testing demonstrated the accuracy of the modelling and
facilitated technical progression of the sFCL and its auxiliary equipment systems.
Innovations based on application of electromagnetic theory to new scFCL concepts,
initially progressed through empirical and FEA modelling, were tested on prototype
devices in the UoW scFCL test centre. Further testing was undertaken at the Ausgrid
Lane Cover High Power Test Laboratory.
The following Chapters detail the scFCL development research that was undertaken
employing the theoretical and experimental approaches described in this Chapter.
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4.

Open core FCL - 1x2

4.1

Introduction

The open core concepts developed in this research were initially proposed as a means to
technically simplify, and reduce size and cost on the closed core scFCL. The open core
offers several advantages over the closed core scFCL at little additional expense or
system complexity in terms of DC bias system requirement. The mass of steel required
and the magnetic coupling inherent between the AC and DC circuits with associated
implications on equipment protection are significant impediments to economic
development of closed core sFCLs. The main open core scFCL advantages are that AC
and DC systems can be more easily electrically, thermally and physically decoupled
from each other, offering ease of modular manufacture and transport, along with
reduced cost, mass and complexity.
The research undertaken as part of this work contributed to numerous Zenergy Power
patent claims (Appendix E) in which various configurations of the open core scFCL
were proposed. These proposed 1x2 configurations have been researched, characterized,
optimized and validated through the work presented in this Chapter. These
configurations all involved the AC coils and cores being enclosed by a DC bias coil or
coils in a magnetically open core circuit from both an AC and DC perspective. Of those
configurations the 1x2 and 2x1 single-phase configurations, and the 6x1 three-phase
configuration were singled out for commercial development. The early scope of this
research was to develop and characterise these scFCL configurations, both analytically
and experimentally, to form the foundational knowledge of their operating fundamentals
and facilitate optimisation of further commercial designs. Of significant early interest
was the 1x2 configuration, which was earmarked as having the highest level of
suitability for HV applications. The developmental path follows that outlined in Chapter
3, with analytical and FEA models first developed and used to design small-scale
laboratory prototypes. Upon subsequent laboratory testing, a half-scale prototype was
designed, built and tested at a high power testing station.
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The 1x2 arrangement is so called as the AC coil and core pairs, for the two half-phases,
are arranged in line with each other, as shown in Figure 4.1. The configuration is of
particular interest in application to the higher voltage levels seen at transmission
substations and was proposed as the most suitable solution for 132kV scFCL project
applications. At higher voltage levels, the NA required to generate enough back-emf to
limit fault currents to a reasonable level is higher than at distribution levels (material
properties do not change, so ∆B can only be 4T regardless of voltage level). The
requirement for scFCLs to have low insertion impedance suggests that the core area
should be as large as possible, while keeping NAC as low as possible – a coil's selfinductance is linearly proportional to the core area while it is proportional to the square
of NAC. Core and coil height are also constricted by transport and logistics limitations.
However, a large component of scFCL cost is derived from HTS coil and cryogenic
system costs, which increase significantly as HTS coil diameter increases. The 1x2
configuration allows more core area to be included within the HTS diameter than a 2x1
or other sFLC open core configuration, since a single half-phase core is within one HTS
coil. Another advantage is that the core and AC coils can be round in shape. This is
desirable in terms of efficiency of fill factor within the HTS warm bore, but also in
terms of HV electrostatic design. HV transformer cores and coils are also made round in
shape, since a round shape reduces the buildup of dielectric stresses and mitigates the
risks of point charges building up on sharper shape edges. This in turn, along with
facilitating ease of manufacture, allows lower dielectric clearances to be employed,
further improving fill factor efficiency. As will be outlined in Section 4.4, a significant
disadvantage is that magnetic coupling between the AC and DC coils can lower fault
limiting performance and cause destructive levels of voltage to be induced on the DC
coils.
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Figure 4.1: HV 1x2 HTS sFCL configuration with half-phase coils in red

4.2

Small scale laboratory 1x2 prototype

Following the developmental path of concept development, and subsequent small-scale
prototyping in the UoW laboratory, a 1x2 312VLL level scFCL was modelled, designed
and built according to the schematic in Figure 4.2. The experimental setup is as
described in Chapter 3 of this thesis. The objective of the small-scale prototype was to
demonstrate that this configuration is fundamentally viable and to justify further
research effort into developing a large-scale prototype. For prototype tests, a set of bias
curves were measured to define core saturation and establish an optimal operational bias
point for the device and the load current applied. Subsequently, fault tests were
undertaken to determine the FCL fault limiting efficacy. This test sequence was applied
to all FCLs developed and tested.
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Figure 4.2: UoW-built and tested single phase scFCL 1x2 configuration
Analytical design was initially undertaken based on the transient fault circuit parameters
available and a level of fault limiting sufficient to demonstrate the concept's viability.
This design was undertaken according to the electromagnetic theory described in
Chapter 3. The standard test circuit employed in all UoW laboratory tests is outlined in
Section 3.10. Analytical calculations showed that the scFCL design parameters detailed
in Table 4.1 could give reasonable fault limiting performance in the test circuit.
However, this would be very much dependent on DC bias requirement – the assumption
being that DC bias application would be similar to that required for an equivalent
standard closed core scFCL and de-biasing would follow along the ratios of the
measurements and modelled results shown in Chapter 3.

Parameter

Unit

Value

HCORE

m

ACORE

m

AC coil width

m

0.09

AC coil depth

m

0.09

AC coil height

m

0.39

DC coil width

m

0.385

DC coil depth

m

0.515

DC coil height

m

0.1

2

0.6
0.0064

No. of AC turns

turns

60

AC coil resistance

Ω

0.011

No. of DC turns

turns

100

Table 4.1: 1x2 small-scale prototype design parameters
The DC coil height is shown in Table 4.1 as 0.1m; however, four separately powered
DC coils, each of 100 turns and 0.1m height, were used. A separate investigation into
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the optimal DC coil combination was undertaken using FEA modelling. Initially, bias
curves were generated for the concept in various configurations, as presented in Figure
4.3 using the test circuit of Section 3.10 and with increasing DC bias applied each
configuration.

Figure 4.3: Bias curves for the 1x2 small-scale prototype
The bias curves were developed in FEA modelling software according to the procedure
outlined in Chapter 3. Different relative positions for the AC and DC coils were
investigated. Also investigated was the effect of leaving an air gap between the two
cores, compared with employing one long core structure of laminated steel and the
inclusion of a non-laminated mild steel insert between the two cores. The experimental
core and coil parameters are detailed in Table 4.1, with the different experimental
configurations detailed in Table 4.2:.

97

Configuration

Core gap

AC coil position

DC coil position

1
5cm air
Centre of core
Centre of core
2
5cm mild steel
3
5cm air
Offset 9cm away Offset 2cm away
from core gap
from core gap
4
5cm mild steel
Table 4.2: Configurations employed in investigating the 1x2 small-scale prototype.
From Figure 4.3 it is clear that inclusion of the mild steel insert reduces the DC bias
requirement. It was found that the mild steel insert reduced the effective bias
requirement through physically joining the two laminated cores – as mild steel also has
a high peak relative permeability, it acts to minimise flux leakage quite effectively. A
non-laminated mild steel insert is preferred over continuous laminated steel material as
eddy currents induced in the non-laminated insert act to prevent AC half-phase
coupling, which could be particularly strong in a fault current scenario. As can also be
seen from Figure 4.3, there is further advantage gained from offsetting the coils from
the core centerlines, as shown in Figure 4.4.

Figure 4.4: Reduced bias requirement 1x2 coil arrangement
The fault current measurement results for Configuration 1 of Table 4.2: are shown in
Figure 4.5. This configuration is the base case for a 1x2 scFCL in which the AC and DC
coils are centered on the cores and an air gap of 5cm exists between the cores. A DC
bias of 80kAT was selected, allowing pre-fault impedance to be at approximately 150%
of the air core impedance of the AC coils.
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Figure 4.5: Transient fault currents for 1x2 scFCL Configuration 1 – FEA and
experimentally measured
The test circuit parameters for the results presented in Figure 4.5 are shown in Table 3.1
of Chapter 3. Figure 4.5 includes plots of the scFCL limited fault current and air core
limited fault current, using the same AC coils as are on the scFCL. The test circuit is
such that prospective fault currents themselves cannot be measured. This is due to the
high prospective fault current causing the upstream supply transformer to saturate and
affect the source impedance – hence making accurate lumped circuit component
characterisation difficult. For this reason a simulated prospective fault current is shown
in Figure 4.5, however the good agreement seen between the measured and simulated
air core results confirm that the measured and simulated circuits are equivalent.
Excellent agreement can also be seen between the FEA predicted and the measured
limited fault current.
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Figure 4.6: 1x2 UoW prototype transient core flux – FEA and experimentally measured
The core flux density plots are presented in Figure 4.6 and also demonstrated excellent
agreement between FEA predicted and measured results. Core flux density is measured
using a multi-turn search coil wrapped around the centre of the core height, shown as
the red coil in Figure 4.2. As shown, in this case the core material is not being fully
utilised for back emf generation during a fault – that is, it is not being fully toggled
through a full excursion of its BH loop. The reasons for this can be over-biasing or a
mismatch in design between appropriate breakdown of the NAC:ACORE ratio for the fault
current available – essentially it points to a non-optimal, but functional scFCL design.
The 312V small-scale prototype scFCL was developed to demonstrate that the concept
was operationally viable. The 1x2 prototyping also suggested that advantageous
configurations could be arranged to give lower DC bias requirement and improved fault
limiting performance, such as the addition of a steel insert between the two cores and
reconfiguration of AC and DC coil positioning along the cores. The 1x2 prototyping
also demonstrated that the predictive modelling tools were accurately capturing the
sFCL response to both DC biasing and AC fault conditions. The small-scale prototype
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provided sufficient confidence to commence design work on a larger half-scale 1.5kV
level prototype.

4.3
4.3.1

Half-Scale 1.5kVLL 1x2 scFCL Prototype A
Overview of higher voltage level Prototype A

Given the limited geometry, voltage level and test-circuit available for the proof of
concept small-scale prototype, the next step in the technology development was to
design and construct a half-scale 1x2 scFCL with more representative design parameters
(i.e. core shape, core area to height ratios, AC to DC turns ratios, insertion impedances
and fault current levels scaled according to source voltage level). The larger device also
allowed for further investigation of potential improvements in terms of DC bias
requirement and fault limiting performance, through altered coil and core positioning
configurations.
The Lane Cove high power test station was discussed in Chapter 3, the single phase test
circuit setup is presented in Table 4.3: and more detail can be found in Appendix D. In
designing the sFCL and generating simulation circuits, the test circuit is reduced to a
single line diagram equivalent circuit (as shown in Figure 3.13 of Chapter 3) – the
corresponding circuit parameters for Lane Cove tests are shown in Table 4.3:. For these
tests the source impedance components could be adjusted to give varying fault currents
– the values given in Table 4.3: represent a 12kARMS prospective fault current.

Parameter

Unit

Value

Vs

V

1500.√2.sin(2.π.f.t)

f

Hz

50

Rs

Ω

0.0385

Xs

Ω

0.1189

Rload

Ω

5.77

Inormal

ARMS

258

Ifault

ARMS

12000

Table 4.3: Circuit configuration for 1x2 scFCL at If'=12kARMS
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4.3.2

Prototype A design, arrangement and test configuration

The analytical design (following the procedure outlined in Chapter 3) resulted in
numerous combinations of core and coil parameters for the 1500V scFCL. A design was
then finalised based on FEA modelling. The final scFCL parameters are detailed in
Table 4.4: and were designed to give a range of fault limiting results at different fault
levels along with ease of transport, interchangeability and adjustment of relative coil
arrangements within the 1x2 configuration.

Parameter

Value

Unit

HCORE

1.2

m

ACORE

0.072

m2

AC coil diameter

0.332

m

AC coil radial build

0.008

m

AC coil height

0.6

m

DC coil diameter

0.412

m

DC coil radial build

0.214

m

DC coil height

0.1433

m

No. of AC turns

21

turns

No. of DC turns

450

turns

Table 4.4: Design Parameters for the 1x2 1500V prototype.
The arrangement was constructed with the cores and coils laid horizontally and
supported by a combination of aluminium framework and MDF cradles directly holding
the core and coils. The DC coils were set on sliding mechanisms to allow for quick
positional adjustment in the test laboratory, facilitating investigative measurement of a
large matrix of potentially preferential coil arrangements. A schematic of the 1x2
arrangement can be seen in Figure 4.7.
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Figure 4.7: 1500V 1x2 scFCL prototype schematic
Four of the DC coils outlined in Table 4.4: were available to bias the cores of this
scFCL, with a total of 350kAT available (depending on copper temperature and
resistance). Given that the radial build of the DC copper coils is so large, the total
copper length and single coil resistance is high and the available power supplies could
not sufficiently power one DC coil each. For this reason the DC coils were electrically
divided. The division was made so that the electrical resistance of each coil segment
was equal, even though the inner segments contained more turns. Each DC coil has 450
turns and is divided into 3 segments: the inner segment comprising 200 turns, the
middle segment comprising 150 turns and the outer segment comprising of 100 turns.
The DC power supplies used were CIGWELD 500i inverter welding power supplies,
which have the capability of providing an actively controlled current. The maximum
voltage the power supplies can provide is about 60V and the maximum current is 550
Amps. The segments were then connected such that each of the six power supplies
would have an equal load. Table 4.5: details the series connection of the DC coil
segments, where R denotes right hand side core and coil sets and L denotes left hand
side core and coil sets. A schematic of the connections is presented in Figure 4.8 and a
corresponding circuit representation is shown in Figure 4.9, and in further detail in
Figure 4.11. Segments 1 and 2 are the inner segments; 3 and 4 are the middle segments;
and 5 and 6 are the outer segments (as depicted in Figure 4.8). The resistance measured
for each coil segment series connection was found to be approximately 0.2 ohms, giving
approximately 250 amps at 50V.
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Power supply

DC windings connected in series

1
R1 and R3
2
R2 and R4
3
L1 and L3
4
L2 and L4
5
R5 and L5
6
R6 and L6
Table 4.5: Description of series connections of DC bias coil segments for power
supplies – Prototype A.

Figure 4.8: Series connections of DC coil segments used in 1x2 prototype A
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Figure 4.9: 1x2 1500V Prototype A – simulation circuit modelling the AC and DC coil
connections.
The six DC power supplies used are inverter welding power supplies that consist of a
transformer Tr3 that rapidly switches a square wave through a pair of diodes D1 and D2
as shown in Figure 4.10. The power supply directly connects to the DC coil, which is
represented by the variable inductor L2. The reverse voltage that the diodes D1 and D2
can withstand is a 600V spike or a continuous level of 450V. If the reverse voltage is
exceeded, the diodes become completely reverse-biased into the breakdown region,
resulting in a reverse current and diode failure.
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Figure 4.10: DC power supply circuit

Figure 4.11: Single DC coil in circuit with DC power supply in prototype A
As was investigated with the small-scale prototype, ways to reduce the required DC bias
and improve fault limiting performance were also investigated on the 1500V prototype.
The basic arrangements of interest are shown in Figure 4.12, where the AC coils are
shown in red, the DC coils in blue, the laminated M4 cores are grey and the nonlaminated mild steel insert is purple. The benefits in using a mild steel insert were again
examined, in combination with the outlined adjustments to AC and DC coil positioning.
In addition, the DC current was adjusted in Configuration 5, such that 70% of the DC
bias was applied through the outer two coils and 30% applied through the inner two
coils – note that all coils still have the same number of turns.
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Figure 4.12: Basic test matrix for 1500V 1x2 scFCL configurations for Prototype A –
characterisation, modelling and testing
The first step in characterising an scFCL is to generate DC bias curves. The bias curves
for the various configurations outlined in Figure 4.12 are shown in Figure 4.13.
Subsequent test results are presented with reference to these configurations. Initially, the
method employed was that of the Magnetostatics FEA approach outlined in Chapter 3.
The results for these analyses are labelled “Initial FEA” for each configuration in Figure
4.13. As can be seen a large impedance toggle was expected, which is implied by the
high impedances predicted at lower DC bias along with the impedance reduction
predicted as the cores saturate. However, magnetostatic analysis does not contain a time
variable and so cannot include transient induced voltage calculations; hence, it cannot
predict the effects of transformer coupling.
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Figure 4.13: DC bias curves for 1500V 1x2 scFCL Prototype A
From Figure 4.13, it can be seen that there was a large discrepancy found between the
originally predicted bias curves and the measured curves. The measured bias curves
suggest that there would be little impedance toggle between the saturated and
unsaturated states of the cores.
The difference between the FEA modelling and measured results relates to transformer
coupling. In generating the measured results, the AC coils are inserted in a circuit
containing a source voltage, source impedance and the AC coils. The source voltage is
sinusoidal at 50Hz. As shown in Figure 4.7 and Figure 4.8, each DC coil segment
(energized by a single DC power supply) physically encompasses one AC coil and is
magnetically coupled to that AC coil. Segments 5 and 6 are the exception, one of each
on either the left or the right side. In general, the DC coils are not balanced in how they
are configured. Since they are magnetically linked to only one AC coil, the system is
essentially that of a loaded transformer with the AC coil being the primary and the DC
coil being the secondary. As a result, the large inductance of the DC coils (which have
900 turns per coil) and their significant resistance (due to them being warmed up copper
coils) are loading the AC circuit. This prevents the core material from operating in its
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high permeability region on application of small AC currents, which can be seen in
Figure 4.13 on DC bias applications of up to 100kAT. The magnetostatic FEA analysis
cannot accurately capture the effect of this transformer coupling, as this analysis is akin
to application of a DC current on the AC coils at different bias points (after the time
constant has fully dissipated). The reason this issue was not identified with the smallscale 312VLL 1x2 prototype is that the half-scale prototype has a DC to AC turns ratio
of 43, compared with a ratio of 3.3 on the small-scale prototype.
Due to the reasons outlined, it can be concluded that magnetostatic FEA is not a suitable
method to accurately predict sFCL bias requirement. Instead, a transient induced
voltage method should be employed, as per Equation 3.27 of Chapter 3. This is the
same manner in which transient voltage across the scFCL is extracted in other transient
simulations. This modelling methodology was employed in developing the revised FEA
curve shown in Figure 4.13 (the dotted yellow curve titled “Revised FEA - Config 2),
where good agreement can now be seen between measured and predicted biasing
requirement.
Figure 4.14 shows a series of measured and FEA predicted transient results for
Configuration 1 as it was tested at the high power test laboratory. The voltage level for
these tests was 1.5kVLL. The plots show good agreement between predicted and
measured prospective fault currents, indicating that the electric circuit model parameters
are an accurate representation of the test setup. As with the bias curves, the original
modelling was based on the misconception that transformer coupling would have a
negligible effect on sFCL clipping performance. Hence, the DC coil configurations
were considered to be powered separately with no DC voltage or current feedback
accounted for (see the green curve in Figure 4.14). The FEA model prediction is that of
an unimpeded AC system, where the only load is the AC circuit load – during a fault
current occurrence, this allows the AC fault current to fully toggle the scFCL
transformer steel and significantly limit the fault current. As shown in the green curve
of Figure 4.14 the predicted performance shows a current reduction from 12kARMS to
5.5kARMS. The corresponding core flux density curve is shown in Figure 4.15 (again,
the green curve) and is consistent with the fault current predictions. The flux probe was
positioned directly under the centre of the AC and DC coil heights.
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The fault current results measured in the high power laboratory, also shown in Figure
4.14 were observed to be very different to the originally predicted and expected results.
The yellow curve shows the measured fault current result, with a much higher limited
current than the green curve recorded.
Hence, further analysis and simulations were undertaken where the DC coils were
separately powered by an individual power supply and transformer coupling was
accounted for by including the induced DC coil voltages in the DC circuit ordinary
differential equation. These simulations results are also presented in Figure 4.14 and
Figure 4.15 and excellent agreement with the measured results can be seen. The
predicted and measured fault current was limited from 12kARMS to 8.8kARMS.

Figure 4.14: 1x2 Prototype A – FEA and Measured fault currents for Configuration 1
(balanced versus unbalanced DC coil connection)
The core flux density measurements for the 12kARMS prospective fault current are
shown in Figure 4.15. The core flux measurement system consists of a ten turn search
coil, from which a low voltage integration is undertaken. The green curve shows the
originally predicted result, where transformer coupling was not accounted for in the DC
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circuit model. The results of the revised simulation, where transformer coupling was
accounted for, are represented by the blue dashed curve, which shows good agreement
with the measured core flux density during the fault. As can be seen, the core desaturation achieved during testing shows significantly less core toggling than that
predicted when the effects of transformer coupling were not considered.

Figure 4.15: 1x2 Prototype A – FEA and Measured core flux density for Configuration
1 (balanced and unbalanced DC coil connection)
Configuration 1 of Prototype A was successfully tested at a prospective fault level of
12kARMS. However, it was observed that fault-limiting performance was poor (limited
from 12kARMS to 8.8kARMS) and the core toggling (as shown in Figure 4.15) was
unexpectedly low (approximately 0.7T from the steady state saturation level). Hence, it
was decided to reposition the DC coils and test Configuration 5, rather than increase the
prospective fault level on Configuration 1. From the biasing measurements undertaken
prior to the high power tests, it was observed that Configuration 5 had a far lower DC
bias requirement than Configuration 1. Hence, Configuration 5 was more attractive as a
proof of concept FCL test. It was also expected that the lower bias requirement might
allow better core toggling.
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The original test plan for the high power test laboratory included different fault levels
and fault scenarios. However, with this 1x2 scFCL setup employing magnetically
unbalanced DC powering configurations (as discussed) a failure occurred at the
12kARMS prospective fault current level and no further testing was possible. An image
of this failure is shown in Figure 4.16. This image was captured using a fast frame
camera, which ran for the duration of the test. As can be seen, significant arcing took
place at the DC power supplies and at the inner windings of one of the DC coils (second
from the left of the image). The cause of the failure at the DC coil was the transformer
coupling between the AC and DC coils resulting in large induced voltages on the DC
coils and subsequent arcing discharge from the DC windings to the surrounding holding
structures. The coil insulation was severely damaged and the DC coils were
subsequently unusable. The power supplies also failed and were unusable following this
test.

Figure 4.16: Arcing failure on 1x2 Prototype A, Configuration 5 – If'=12kARMS.
Figure 4.17 shows the DC circuit measurements taken for Configuration 1 at an If' of
12kARMS. The arcing failures did not occur during this test; however, the induced
voltage and current patterns recorded illuminate why the failures occurred in
Configuration 5.
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As shown in Figure 4.8 and Figure 4.9, four of the power supplies were each connected
to two windings in series that shared the same core and AC coil; hence, they were fully
transformer coupled to the AC current cycle. The inner winding segments had the
highest number of turns, resulting in the largest induced voltages. The outer winding
segments, with a lower number of turns, had lower voltages induced on them. In
Configuration 5, the non-laminated mild steel insert was in place and two DC bias coils
were used per core. In this configuration the inner DC coils supplied 30% of the total
bias and were energised with a lower DC current. The outer DC coils supplied 70% of
the total bias.

Figure 4.17: 1x2 Prototype A, DC circuit measurements for Configuration 1 - 12kARMS
prospective fault test
On examination of Figure 4.17, with reference to the DC circuit presented in Figure
4.11, the mechanism of power supply failure becomes clear. The large induced voltages
in the DC coils, on occurrence of an AC fault, reduce the initial DC bias current during
one half-cycle. When the total current is reduced to zero amps, the power supply diodes
become reverse biased. At this point, the DC current no longer has a circuit-path and the
voltages across the DC coil terminals (up to 1000V) result in reverse-voltages across the
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power supply diodes. The voltage spike shown in Figure 4.17 is 320V; however, the
absolute magnitude of the voltage during the failure of the output diodes is unknown as
the range of the measurement system was chosen for normal operation and the full
height of the voltage spike was not captured.
As can be seen in Figure 4.16, the arcing damage occurred at the inner segments of the
second DC coil from the left. The diode failure occurred on this setup as the power
supplies that power the DC coils closest to the centre had a low operating DC current –
these coils were only supplying 30% of the total DC bias, yet had the same NDC as the
other coils; hence, the current reduced to zero more readily. Measurement data was not
successfully acquired during the If' = 12kARMS test on the Configuration 5, as parts of
the data acquisition were damaged. Subsequent testing was not possible due to the
overall damage that occurred in the DC coil, power supply and data acquisition systems.
The failure of the 1x2 sFCL configurations examined thus far indicate that the 1x2 is
not a suitable candidate for commercialisation to high voltage levels. Even with DC
power supply and circuit protection design, the HTS coils are so sensitive that any
increase in turn to turn voltage could catastrophically damage the superconductor tape.
Paschen's Law states that the breakdown voltage in a vacuum, such as exists inside a
cryostat, is often lower than it is at atmospheric pressure, making turn to turn HTS coil
arcing more likely in an sFCL application. High currents are also detrimental to
superconductivity. Typically, a buffer of 100A to 200A from operating current to
critical current in the HTS tape is employed. The increases in current seen during testing
of this 1x2 configuration are many multiples of the operating current and would far
exceed the allowed buffer in a scaled up HTS scFCL.
After the testing failure of Prototype A, the DC biasing system was redesigned to
incorporate balanced power and magnetic coupling across the two AC half phases. This
revision (Prototype B) was built and also tested at the high power laboratory, in the
same manner as described for Prototype A.
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4.4

Half-Scale 1.5kVLL 1x2 scFCL Prototype B – with DC circuit

protection
4.4.1

1x2 Prototype B redesign overview

DC circuit protection methods were employed in testing Prototype B of the 1x2 scFCL.
Protection of the DC power supplies requires that an alternate current path be provided
for the induced current to flow when the output diodes become reverse biased, thus
reducing the large voltage spikes that would otherwise develop. This was achieved
through inclusion of a 10Ω dump resistor in parallel with the DC coils. A reconfiguration of the DC coil power connection circuits can also assist in protecting the
power supplies. This was accomplished through setting up DC coil circuits where the
electrically series-connected DC coil segments were always encompassing alternate AC
coils – this arrangement helps to cancel the induced voltages in each circuit as the
different winding senses of the AC coils induce voltages of different polarity.
The DC coil holding cradles and the entire scFCL holding structure were redesigned for
Prototype B in order to maximise clearance distances and fill all potential points of
electrostatic discharge with dielectrically insulating material. The same matrix of test
configurations employed for Prototype A (shown in Figure 4.12) was again employed
for Prototype B.
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4.4.2

Magnetically balanced DC power circuit.

The DC series connections on the 1x2 Prototype A were magnetically unbalanced in
that the series connected DC coil segments encompassed the same AC coil. A
magnetically balanced setup ensures that each series connected segment encompasses
an alternate AC coil; hence, induced voltages will essentially cancel each other out on
occurrence of a fault. Figure 4.18 shows the AC and DC electrical circuits used in
Prototype B.

Figure 4.18: 1x2 1500V Prototype B – simulation circuit modelling the AC and DC coil
connections
The Prototype B DC power supply connection to the DC coils is presented in Figure
4.19. Comparison with Figure 4.8 and Figure 4.9 highlights the more magnetically
balanced configuration of Prototype B over that of Prototype A.
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Figure 4.19: Series connections of DC coil segments used in 1x2 Prototype B
Power supply
1
2
3
4
5
6

DC windings connected in
series
R1 and L1
R2 and L2
R3 and L3
R4 and L4
R5 and L5
R6 and L6

Table 4.6: Description of series connections of DC bias coil segments for power
supplies – Prototype B.
Table 4.6: details the series connection of the DC coil segments, where R denotes the
right hand side core and coil sets, while L denotes the left hand side core and coil sets.
Segments 1 and 2 are the inner segments; 3 and 4 are the middle segments; and 5 and 6
are the outer segments, as shown in Figure 4.19.
4.4.3

Characterisation, modelling and testing

The FEA predicted bias curves for Prototype B are shown in Figure 4.20. These were
obtained using both the magnetostatic and transient induced voltage methods, as
outlined in the discussion of Prototype A. The configurations and modelling approach
used for each plot of Figure 4.20 are given in Table 4.7:.
As discussed for Prototype A, magnetostatic analysis alone leads to a misleading
conclusion on bias requirement and potential impedance toggle of the scFCL. The
matrix of 1x2 configurations presented in Figure 4.12 was analysed for Prototype B and
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excellent agreement was found between the transient induced voltage method of bias
curve development and measured results. In comparison with the corresponding bias
curves in Figure 4.13 (for Prototype A), it is immediately apparent that the magnetically
balanced DC coil arrangement of Prototype B provides a significantly improved
impedance toggle and rectifies the malfunction caused by the DC coil connection circuit
used in Prototype A. The bias curves are more typical, in terms of impedance toggle and
bias curve pattern, of those measured using the small-scale 312VLL prototype.

Figure 4.20: DC bias curves for the half-scale 1500V 1x2 Prototype B

Curve
1
2
3
4
5
6
7
8
9

Core and coil Configuration Model approach
2
Magnetostatic FEA
2
Measured data
3
Transient induced voltage FEA
4
Magnetostatic FEA
4
Measured data
4
Transient induced voltage FEA
5
Magnetostatic FEA
5
Measured data
5
Transient induced voltage FEA
Table 4.7: Bias curve legend for Figure 4.20.
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It can also be observed, from the curves presented in Figure 4.20 that a clear reduction
in bias requirement is apparent in Configurations 4 and 5, where the non-laminated mild
steel insert is included and combined with DC bias coil positioning towards the outer
ends of the AC coils. This advantage is gained via the high relative permeability of the
insert preventing flux leakage from the cores at their inner ends, and the DC coil
positioning towards the outer open ends of the cores provide higher localised DC bias
in the region where the flux leak predominantly occurs. Hence, overall core saturation
is maintained at a reduced level of DC mmf application to the cores.
As discussed in Section 4.5, Prototype A was only tested at a prospective fault level of
12kARMS. Configuration 1 was successfully tested at this fault level and the measured
results were presented. However, it was observed that fault limiting performance was
poor and as a result, it was decided to reposition the DC coils and test Configuration 5.
The catastrophic DC coil, power supply and data acquisition system failures on
Prototype A occurred in undertaking the If'=12kARMS test on Configuration 5. For this
reason, the redesigned Prototype B was only tested in Configuration 5 as successful test
results would conclusively show that magnetically balancing the DC coil system
provided the improved results that were expected. Configuration 5 was hence faulted at
10kARMS, 15kARMS and 20kARMS at the high power test laboratory using a voltage level
of 1.5kVLL. The results presented are for the 20kARMS fault level.
The measured versus FEA predicted transient fault current results for Configuration 5
are shown in Figure 4.21. The applied DC bias was 225kAT in total, holding the core
material at a μr of approximately 1.2 in its unfaulted normal operation state. Although
the fault current level for these results is higher than used in the testing of Prototype A,
it is immediately apparent that the fault limiting performance of Prototype B is superior.
The fault current was limited from 20kARMS to 9.9kARMS. By way of comparison,
Prototype A limited from 12kARMS to 8.2kARMS. The core flux density plots for this test
are shown in Figure 4.22. These plots are consistent, and indicate superior core toggling
performance occurs when the DC coils are magnetically balanced. In both cases, the
FEA simulation and measurement are in excellent agreement.
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Figure 4.21: 1x2 fault currents – Prototype B, Configuration5, measured and FEA
The core flux density plots presented in Figure 4.22 show improved core toggling over
that observed in Prototype A. The cores in Prototype A toggled 0.7T from the unfaulted
saturation state, whereas the cores in Prototype B toggled 2.5T. The improved core
toggle results in higher back emf generation by the scFCL and improved fault current
limiting. Although this is a significant improvement, the transformer steel material is
theoretically capable of being toggled 4.2T in one half-cycle from its normal saturation
state. Hence, it can be concluded that although Prototype B shows improvement in
performance over Prototype A, this is not an efficiently operating scFCL. The voltage
across the FCL terminals for this test are shown in Figure 4.23. Although excellent
agreement can be seen between measured and simulated results, the voltage curves are
somewhat atypical, due to the incomplete core toggling. In Chapter 5 of this thesis an
efficiently operating sFCL will be presented and the typical voltage response of a welldesigned sFCL will be discussed in further detail.
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Figure 4.22: 1x2 core flux density – Prototype B, Configuration 5, measured and FEA

Figure 4.23: 1x2 FCL terminal voltage – Prototype B, Configuration 5, measured and
FEA
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The reconfiguration of the DC coil powering circuits in Prototype B was effective in
eliminating the damaging voltage peaks and reverse current surges experienced in
Prototype A. There was no evidence of dielectric arcing on the DC coils following the
suite of fault tests. The power supplies also survived all of the fault tests without
sustaining any damage. Figure 4.24 shows simulations made of the DC coil voltages
during the 20kARMS prospective fault current tests. The red curve shows the induced
voltage across the series connected DC coil segments L1 and R1, which physically
encompass different cores (see Figure 4.19), plotted in Volts on the right hand side axis.
The peak voltage measured across the series connection was 55V, with the voltage
reducing as the fault progresses. This compares to a peak of at least 320V recorded for a
12kARMS prospective fault test on Configuration 1 of Prototype A – the exact magnitude
of this peak was not accurately recorded as it was outside the configured measurement
range of the data acquisition system. Clearly, the induced DC coil voltage has been
significantly reduced by reconfiguring the DC coil segments in Prototype B. Similarly,
DC circuit currents for Prototype B have been dramatically reduced as a result of the
reconfiguration undertaken.

Figure 4.24: 1x2 DC coil voltages – Prototype B, Configuration 5, measured and FEA
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The fact that the induced voltage across the series-connected coil segments L1 and R1 is
low does not guarantee that the individual segment voltages themselves are low. These
two coil segments have voltages of opposite polarity induced on them during each AC
half-cycle, due to the difference in relative winding sense. This results in significant
voltage cancellation when connected in series, with a net result of eliminating the diode
damaging reverse currents (through the DC power circuit) that were experienced in
Prototype A. The green curve shown in Figure 4.24 represents the induced voltage
recorded across a single segment of DC coil 1 (Segment L1) during the 20kARMS
prospective fault test. Although the power circuit was successfully protected during
these tests, it is evident that each segment still sees a reasonably high voltage induced
on it during the fault (peaks exceeding 1000V were recorded). Scaled up to a 132kV
level scFCL, these single coil voltages would far exceed those allowable across a HTS
coil. The Paschen breakdown voltage would be breached and dielectric arcing could
occur from turn to turn and from the coil outer turns to the cryostat wall, or some other
surface of lower potential.

4.5

Passive shielding of 1x2 sFCL

4.5.1 Overview of passive shielding on the 1x2 scFCL
DC coil shielding was also modelled and tested at the high power test laboratory on
Configuration 4 (from those of Figure 4.12). The concept of passive shielding is based
on there being a round cylinder of electrically conductive material positioned between
the AC and DC coils. The optimal passive shielding effect is achieved via a non-slotted
shield that essentially acts as a shorted transformer turn. Under normal operation, when
the cores are saturated, this shield will have a very small current induced on it.
However, when a short circuit fault occurs in the AC circuit, the cores will come out of
saturation and the shield will now enclose changing flux and have a large current
induced on it. This current will act to generate a magnetic field that opposes the change
in flux occurring in the sFCL cores, according to Lens' law. Under these conditions, the
DC coil will experience reduced levels of induced voltage and current, when compared
with those measured on Prototypes A and B (particularly Prototype A).
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4.5.2

Simulation and test measurements taken of passive shielding

Various shield materials, such as copper and stainless steel, of various
thicknesses/resistances were simulated on the half-scale 1x2 scFCL configurations. The
results of the FEA modelling undertaken on Configuration 4 (from those of Figure 4.12)
are presented in Figure 4.25. It was clear from the simulation that the shields strictly
adhered to Lens' Law and the induced shield current was indeed acting to counteract the
changing magnetic fields seen in the cores during a fault. The plots presented in Figure
4.25 include the effects of a 6mm continuous copper shield between the cores and AC
coils, a slotted 6mm thick copper shield (which is effectively an open circuit that
prevents transport current from circuiting) and the case with no shield present. The
shields were of equal length to the AC coils. As can be seen in Figure 4.25, the
continuous copper shield produces a magnetic field that significantly inhibits the core
toggling action, resulting in reduced fault current limiting. Since the slotted shield
prevents transport currents from circulating, the shielding effect is only due to eddy
currents and the fault current limiting action is less inhibited.

Figure 4.25: 1x2 Passive shielding investigation – Prototype B, Configuration 4, FEA
results
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Passive shielding protects the DC coils by inhibiting the core flux change to such an
extent that there is no longer changing magnetic field to induce voltages on the DC
coils. Essentially, in a 1x2 scFCL configuration, passive shielding is only effective by
preventing the scFCL from limiting fault currents at all. This negates any value a
passive shield may provide in DC coil protection.
Passive shields were also inserted on the 1x2 Prototype B scFCL between the AC coils
and the cores, and tested at the high power laboratory. Figure 4.26 shows the same
pattern predicted by FEA simulation, in that the 20kARMS prospective fault current is
only limited to 14kARMS when a 1mm thick continuous copper shield of equal length to
the AC coils is in place. The passive shield had inhibited the effectiveness of the sFCL.
Excellent agreement was found between FEA prediction and measured fault currents in
this case.

Figure 4.26: 1x2 Fault currents, with and without passive shielding – Prototype B,
Configuration 5 (from those of Figure 4.12), measured and transient FEA
Another concerning issue around practical implementation of passive shielding is that
massive Lorentz forces were found to develop in the shield during testing, largely as a
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result of the huge transport currents during an AC short circuit fault. The shield can be
considered as a current carrying wire of one turn, with a length (L) equal to its
circumference, in an externally generated magnetic field (B), which in practice will
consist primarily of the DC coil generated magnetic field with an AC coil generated
ripple component.
The force, F, experience by the shield can be approximated by:
F = B. I(-&_+- . L(-&_+-

(4.1)

Consideration of large induced currents in the presence of even a tiny external magnetic
field leads to expectation of damaging forces acting on the shield. Indeed strong
evidence of such damaging forces was recorded in these tests as the shields were
deformed by the forces pushing them into the surrounding holding structure of the
scFCL test rig.

4.6

1x2 scFCL Open Core Research Conclusions

The open core approach offers numerous advantages over the standard closed core
scFCL at little additional expense in terms of DC bias system requirement, or
complexity. The main open core scFCL advantages are that AC and DC systems can be
more easily electrically, thermally and physically decoupled from each other. In the
open core configurations, both the AC system and DC system can exist in selfcontained vessels - offering ease of modular manufacture and transport, along with
reduced cost, mass and complexity.
The 1x2 configuration was of particular interest in application to the higher voltage
levels seen at transmission substations, since the NAC.ACORE required to generate
enough back emf for effective fault current limiting is higher than at distribution voltage
levels. The 1x2 configuration allows more transformer steel to be included within a
given HTS magnet warm bore diameter. The requirement for scFCLs to have low
insertion impedance suggests that the chosen ACORE be as large as possible, and NAC
kept as low as possible, which is more amenable to the 1x2 setup. The 1x2
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configuration also allows relatively lower height sFCL designs to be considered when
using additional ACORE and less NAC. Inclusion of more core area can, depending on
design, also lead to relatively smaller HTS magnet and cryostat diameters (given that
AC electrostatic clearances are reduced over multi-phase AC coil configurations being
encompassed by the HTS coil) leading to lower operational complexity and running
losses. Elimination of the steel return legs compared to the closed core sFCL reduces
the total mass by more than 50%, which is a significant advantage at high voltage where
mass is already high. This leads to material, manufacturing and transport cost savings.
Another advantage is that the core and AC coils can be made round in shape. This is
desirable in terms of HV electrostatic design. HV transformer cores and coils are also
made round in shape, since a round shape reduces the buildup of dielectric stresses and
mitigates the risks of point charges building up on sharper shape edges. This in turn,
along with facilitating ease of manufacture, allows lower dielectric clearances to be
employed, further improving fill factor efficiency.
Fundamental understanding of the behavior of the scFCL in a 1x2 configuration was
developed in contribution to this Chapter. Initially, the expected response of the device
was not borne out by experimental measurement. Upon investigation, improved
understanding was developed, modelling approach was advanced and experimental
setup was reconfigured to allow fault testing measurements to capture the full behavior
of the 1x2 sFCL, validating the FEA modelling, the theoretical understanding and the
design approach required for a 1x2 scFCL.
Significant disadvantages of the 1x2 scFCL were discovered in undertaking the research
presented in this Chapter. Whilst methods were successfully employed to remedy the
DC coil and circuit failure mechanisms observed, problems still exist in scaling this
technology to a high voltage HTS scFCL. Magnetically balancing the DC coils
appreciably improves the fault limiting performance of the scFCL and eliminates the
current surges that caused the DC power supply diodes to fail. This balancing also
reduces the need for purpose built active protection systems, like additional electronic
circuitry for diode protection. However, as presented in Section 4.5, there still remains
high single coil induced voltages that would potentially cause insulation breakdown and
arcing damage to a HTS magnet coil, particularly as the Paschen dielectric strength at
typical cryogenic's vacuum would be far lower than at atmospheric pressure. There is
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possibly scope in the future to use superconducting materials such as MgB2 at low
operating temperatures, which would allow for higher operating currents (than can be
used in materials like Generation 1 BSCCO HTS), which would reduce the AC to DC
turns ratio and subsequently, reduce the single coil induced voltage.
As was presented in Section 4.6, limited benefit may be accrued from utilisation of
passive shielding to protect the DC coil from high induced voltages in a 1x2
configuration. Inclusion of the shield itself detrimentally affects scFCL current limiting
performance.
The main impediments to large scale scFCL adoption by the power industry are;
•

those of the costs and complexities introduced by the superconducting bias coils
required;

•

and the cost and complexities introduced by the weight of the cores required.

In the 1x2 component of research undertaken and presented in this Chapter, the
objective was to investigate the configuration at a 1.5kVLL level and fault at typical fault
levels, with a view to de-risking its employment at transmission level voltages. The 1x2
open core configuration inherently addresses scFCL cost and complexity at high voltage
design by providing maximum fill factor of steel within the HTS magnet warm bore,
and by providing scope for employment of standard transformer manufacturing
technology. Fundamental impediments to its development have already been outlined
here and potential for research on a solution has been suggested.
In attempt to reduce costs and complexities introduced by the superconducting bias
coils required, focus was placed on DC coil combinations and positioning that would
lead to a bias requirement reduction. Lower DC bias requirement reduces HTS magnet
manufacturing complexity and cost, along with lowering operating losses. The FEA
modelling undertaken predicted that insertion of a high relative permeability material in
the air gap between both 1x2 cores would allow advantageous reconfiguration of DC
coil positioning, as shown in Figure 4.3 and Figure 4.20, resulting in generation of the
test matrix presented in Figure 4.12. Testing subsequently confirmed that
Configurations 4 and 5 provided most opportunity to reduce DC bias requirement whilst
maintaining fault limiting performance. Given that Configurations 4 and 5 have
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essentially the same DC bias requirement (see Figure 4.20) and fault limiting
performance, Configuration 4 is considered the preferable arrangement in terms of
potential upscaling and commercialisation at higher voltages. As Configuration 4 only
requires two DC coils in total, only two cryostats need be built per phase, allowing cost
and operational complexity reduction. Due to the issues that were uncovered with DC
power coil and power supply failures, Configuration 4 was not successfully tested.
However, FEA simulation provided excellent agreement with the measured results in all
facets of performance – similar simulations on Configuration 4 confirmed that it
provides equivalent fault limiting performance at lower DC bias requirement.
A performance summary is presented in Table 4.8: for the 1x2 open core sFCL.

Fault limiting performance
Low operating impedance
Self-triggered, fail-safe
activation
Multiple consecutive faults
Cost, size and weight
Maintenance duty
Reliability

High at higher fault levels. High DC bias and high core area means
that a high fault current is required to toggle the cores.
A low AC turn to core area ratio can be achieved, which helps keep
operating impedance low.
Yes.
Yes.
Cost is high as configuration mandates HTS bias magnets. Size and
weight are high.
Maintenance duty is low. AC components are akin to a power
transformer. DC magnets require annual PM.
Once TRL 9 has been demonstrated, reliability will be high.

Table 4.8: Performance summary for 1x2 open core sFCL.
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5.
5.1

Open Core scFCL - 2x1

Introduction

The 2x1 configuration is one of the open core concepts developed in this body of
research as a means to simplify the design and reduce the overall costs compared to the
standard closed core scFCL. The 2x1 configuration consists of the cores and AC coils
being enclosed by a DC bias coil (or coils) in a magnetically open core circuit from both
an AC and DC perspective. As with the 1x2 configuration, the 2x1 open core offers
numerous advantages over the standard closed core sFCL, at little expense in terms of
DC bias system requirement or complexity. The main advantages are that the AC and
DC systems are more easily electrically, thermally and physically decoupled from each,
given that they can be housed in separate, self-contained vessels, offering ease of
modular manufacture and transport, along with reduced cost, mass and complexity.
Additional to these is that the 2x1 inherently provides magnetic balancing to the DC
coil, which provides a simple solution to those failures that occurred in 1x2 testing, as
outlined in Chapter 4. A cross-sectional schematic of a high voltage 2x1 scFCL
configuration is presented in Figure 5.1. Shown are the cores, AC coils, electrostatic
barriers, oil tank and HTS cryostat components. The AC components are shown to
integrate with the circular warm bore of the HTS magnet as efficiently as possible,
leading to the D-shaped core and coils.
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Figure 5.1: 2x1 D-core scFCL cross-section of core, AC coils, electrostatic barriers, oil
tank and HTS cryostat components
A large component of scFCL cost is derived from HTS coil and cryogenic system costs,
which increase significantly as HTS coil diameter increases. Hence, high core fill
factors feed into overall cost and complexity reductions. The primary disadvantage of a
2x1configuration compared with the 1x2 configuration is that less core steel area can be
included within the warm bore of the HTS magnets – or for a given core area, a higher
HTS coil diameter is required. Two cores and two corresponding AC coils are required
to be enclosed by the same DC coil, as shown in Figure 5.1. Although magnetic
cancellation is seen on the DC bias coil, each AC coil experiences relative voltages of
the same magnitude to ground as a 1x2 AC coil, and are of opposite polarity relative to
each other. At higher voltage levels, one issue that results from the 2x1 configuration is
that the electrostatic clearances are more challenging to achieve for a given DC bias coil
diameter for equivalent core area. Also affecting usable core area are the relative
geometric constraints in HTS coils designed for an FCL operating environment. The
HTS coil itself benefits structurally and from a manufacturing perspective in being
made geometrically round, allowing more economic construction of the thermal and
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force dissipation requirements expected of it in FCL operating conditions. In a 2x1
configuration, this results in core and coil shapes that less efficiently fill the space
available than the 1x2 offset circular shaped core/coil combination does. The effect is
exacerbated at high voltage as care around generating electrostatic point charges is
considered. The resulting geometrical configuration of the D-core, shown in Figure 5.1,
gives the most efficient core/coil fill factors for a round HTS coil at higher voltages.
In a 2x1 FCL, the core/coil space restriction also affects the design flexibility around
applicable AC coil current densities, scFCL heights and performance outcomes such as
scFCL insertion impedance. Manufacturability is also complicated by the requirement
to reshape the core and AC coils to a non-round form in order to gain an advantageous
steel fill factor. This can increase electrostatic stress build up and possibly result in an
increase in incidence of discrete dielectric breakdowns, which can reduce coil insulation
lifespan.
As with the 1x2 based research, the earlier scope of this 2x1 research was to develop
and characterise these sFCL configurations, both analytically and experimentally, and
so form the foundational knowledge of their operating fundamentals (which could later
facilitate optimisation of commercial designs). Again, the developmental path follows
that outlined in Chapter 3; analytical and FEA models were developed and utilised to
design small scale laboratory prototypes. Upon subsequent laboratory testing, a halfscale prototype was designed, built and tested at a high power testing station.
Following characterisation and formation of the fundamental operating principles for
the standard 2x1 scFCL, this Chapter will outline research on the development of
advanced 2x1 scFCL technologies, which further target reduction of DC bias
requirement and subsequently permit advantageous redesign of the 2x1 scFCL
configuration. Sections 5.2 and 5.3 outline the basic 2x1 scFCL configuration and
details the basic small scale 312VLL lab testing undertaken and used to validate
modelling setup. Section 5.4 details the larger scale 1.5kV Prototype design,
arrangement, modelling and testing. Section 5.5 explores the effect of incorporating
passive shields in the 2x1 scFCL configuration and how the shielding can be used to
manipulate the scFCL response advantageously (patent granted based on this work
presented in Appendix E [36]).
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5.2

2x1 scFCL configuration

The 2x1 configuration was labeled thus, due to the fact that the core and coil pairs for
each AC half-phase are arranged adjacent to each other. Figure 5.2 presents a plan view
of a lower voltage design iteration in which the two transformer steel cores, positioned
adjacently to each other, are represented by the shaded rectangular regions. The cores
are each encompassed by an AC coil. In turn, both AC coils are enclosed within a HTS
DC coil, which magnetically saturates both cores in normal operation. The rectangular
core and coil topology is a suitable arrangement for employment at lower voltage levels.
A patent by Zenergy Power [31] proposed numerous shape variations on that shown in
Figure 5.2. One variation is to use the D-shaped cross-sectional area for the cores,
which allows both cores to be enclosed efficiently, from a warm bore fill factor
standpoint, by a circular HTS magnet. This has numerous manufacturing and
operational advantages over the rectangular shaped HTS magnet shown in Figure 5.2.
An investigation of the D-shaped core configuration is presented in Section 5.4.
Electromagnetically, the laminated cores should behave in exactly the same manner
regardless of their cross-sectional shape. The core magnetic behaviour at any plane
along the core height will be governed by the equation:

B=

N. I. µ9

Ht,&+

(5.1)

The cores are manufactured using 0.3mm thick laminations that, due to the restrictions
of transport and installation infrastructure for a commercial device, will be over 2m
long. Hence, the bulk core volume will be made of many such discrete laminations
positioned adjacent and in close proximity to each other, such that the core crosssectional shape will do little to effect a change in shape factor or de-magnetisation
factor for any given lamination piece. Changes in FCL performance have been noted
when core shape factor has changed significantly by reducing core height or core aspect
ratio. Likewise, the AC coil shape will have little effect on FCL performance unless its
aspect ratio is changed significantly.
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The 2x1 scFCL configuration is of particular interest in application to the higher voltage
levels seen at transmission substations and although it allows for lower core/coil fill
factors within the HTS magnet (when compared with a 1x2 configuration), it still
provides for core areas around which effective and viable scFCLs can be designed,
allowing manufacture of reasonable HTS coil diameters. Electrostatic design is
complicated by the 2x1 structure; however, inclusion of standard transformer
technology in this regard (such as barriers, pressboard and oil, along with detailed
electrostatic analysis and design) provides mitigation to any operational risk and
reduces manufacturing complication. Standard core manufacturing technology, although
cross-sections are not round, can still be employed.

Figure 5.2: Schematic of rectangular 2x1 HTS scFCL configuration

134

5.3

Small Scale 2x1 prototype

Following the defined developmental path (concept development, small scale prototype
modelling, design, build and then test), a 2x1 312V level scFCL was built and
assembled according to the schematic shown in Figure 5.3. The experimental setup was
as described in Chapter 3 of this thesis (electrical circuit detailed in Table 3.1) and the
investigative procedure is in line with that followed for the equivalent 1x2 prototype
(Chapter 4). The objective of the small scale prototype was to show that fundamentally
this configuration is viable and to assert concept validity and alignment of theoretical
understanding with measurement, before examining scalability to higher voltage levels.

Figure 5.3: Schematic of the small-scale prototype 2x1 scFCL
Analytical design was initially undertaken based on the transient fault circuit parameters
available and a level of fault limiting sufficient to demonstrate the concept's viability, in
accordance with the process outlined in Chapter 3. The test circuit outlined was the
standard test circuit employed in all of the small-scale testing. Analytical calculations,
as detailed in Chapter 3, showed that the scFCL design parameters displayed in Table
4.1 could give reasonable fault limiting performance in the test circuit. This would be
very much dependent on DC bias requirement, the assumption being made that DC bias
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application would be similar to that required for an equivalent standard closed core
scFCL and de-biasing would follow along the ratios of the measurements and modelled
results shown in Chapter 3.

Parameter
Value
Unit
HCORE
0.6
m
ACORE
0.0064
m2
AC coil width
0.09
m
AC coil depth
0.09
m
AC coil height
0.39
m
DC coil width
0.385
m
DC coil depth
0.515
m
DC coil height
0.1
m
No. of AC turns
60
turns
No. of DC turns
100
turns
Table 5.1: 2x1 small scale 2x1 prototype design parameters.
The DC coil height is shown in Table 5.1: as 0.1m, but in fact four DC coils, each of
100 turns were positioned along the core height with an effective DC coil height of
0.4m. Investigation into the optimal DC coil combination was undertaken using FEA
modelling. Initially, bias curves were generated for the concept and a suitable bias point
was chosen for fault testing.
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Figure 5.4: 2x1 small scale prototype predicted DC bias requirement
The FEA developed bias curves for this setup are shown in Figure 5.4. Having
established that the 2x1 core configuration could be biased effectively, preparation was
made for transient fault experiments. The fault current measurement results (red curve)
are shown in Figure 5.5. This configuration is the base case for a 2x1 scFCL in which
the AC and DC coils are centered on the cores, and a DC bias of 108kAT was selected,
allowing pre-fault impedance to be at about 140% of the air core impedance of the AC
coils.
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Figure 5.5: Transient fault current modelling and measurement for 2x1 scFCL small
scale prototype
Figure 5.5 also shows the air core limited fault currents when using the same AC coils
without the scFCL cores. The test circuit is such that the prospective fault currents
themselves cannot be measured. This is because the prospective fault current is so high
that it causes the circuit breaker in the laboratory to trip. For this reason, the simulated
prospective fault current is shown in the plot. Good agreement can be seen between
these results and the measured air core results from the same AC coils used in the smallscale 1x2 prototype of Section 4.3, confirming that the circuits are in agreement with
each other. Excellent agreement can also be seen between the scFCL limited fault
current predicted by FEA and the measured fault current.
Analysis suggests that advantageous configurations can be arranged to give lower DC
bias requirement and improved fault limiting performance, such as a Helmholtz type
DC coil arrangement and optimisation of such DC coil spacing. Also, demonstrated by
this prototype was that the predictive modelling tools were accurately capturing the
sFCL response to DC biasing and under AC fault conditions for the 2x1 configuration.
The small scale prototype provided sufficient confidence to commence design work on
a larger half-scale 1.5kV level prototype.
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5.4

Half-Scale 1.5kVLL 2x1 scFCL

5.4.1

Overview of higher voltage level 2x1 Prototype

As with the 1x2 investigative procedure, the proof of concept small-scale prototype led
the way for the design and construction of a larger-scale 2x1 scFCL. The larger-scale
device has more representative core shape, core area to height ratios, AC to DC turns
ratios, insertion impedances and fault current levels scaled according to source voltage
level. The larger device also accommodates further investigation of potential for
improvement of the DC bias requirement and fault limiting performance with scope to
vary the relative position of the DC coils and their bias energisation.
As outlined in Chapter 4, for reasons of manufacturing and operational simplicity, a
High Voltage sFCL will need to employ round HTS magnets. The 2x1 configuration
will inherently offer the magnetic balancing that was implemented as a solution to the
failures of the 1x2 configuration. The induced voltage cancellation, resulting from the
enclosing DC bias coil linking two oppositely toggling cores, ensures that the high
induced DC circuit currents seen in the 1x2 prototype do not eventuate and also that
each single DC coil will not have such large induced voltages. Given the fragility of
HTS tape and its insulation, along with the risks of turn to turn arcing in the cryostat
vacuum according to Paschen's Law, the 2x1 configuration is far more suited for a HTS
based scFCL. Accordingly, the primary research aim for the 1.5kVLL 2x1 scFCL
prototype was to develop foundational understanding of the 2x1 sFCL, forming those
design principles employable in developing High Voltage application designs.
The larger-scale D-core prototype investigated in this research was based on the
configuration shown in Figure 5.6, using copper DC bias coils.
The Lane Cove test centre and the test configuration has been discussed in Chapter 3. In
designing an sFCL and generating simulation circuits, the test circuit is reduced to
single line diagram equivalent circuits for AC and DC coils, a schematic of which is
shown in Figure 5.3. The corresponding circuit parameters for the Lane Cove test
centre are shown in Table 5.2:, where the source impedance components could be
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adjusted to give varying fault currents – the values that produce a 15kARMS prospective
fault current are presented here.

Parameter
Value
Unit
Vs
1500.√2.sin(2.π.f.t)
V
f
50
Hz
Rs
9.95
mΩ
Xs
99.5
mΩ
Rload
5.77
Ω
Inormal
258
ARMS
Ifault
15000
ARMS
Table 5.2: 2x1 scFCL test circuit configuration for If'=15kARMS – Lane Cove high
power lab.
5.4.2

Prototype design, arrangement and test configuration

Following the procedure outlined in Chapter 3 of this thesis, the analytical design of the
1500V sFLC resulted in numerous combinations of ACORE, NAC, HAC, etc. A design was
then finalised based on FEA modelling. The scFCL design parameters, shown in Table
5.3:, were chosen to give a range of fault limiting results at different fault levels and
also to allow ease of transport, interchangeability and adjustment of relative coil
arrangements within the 2x1 configuration.

Parameter
Value
Unit
HCORE
1.8
m
ACORE
0.038
m2
AC coil area
0.05456
m
AC coil radial build 0.011
m
AC coil height
1.456
m
DC coil diameter
0.69
m
DC coil radial build 0.165
m
DC coil height
0.106
m
No. of AC turns
23
turns
No. of DC turns
196
turns
Table 5.3: Design Parameters for the 2x1 1500V prototype.
The arrangement was constructed with the cores and coils positioned vertically with
each half phase adjacent to one another and supported by a combination of aluminium
framework and MDF cradles. The DC coils were mounted on sliding mechanisms to
allow for quick positional adjustment in the test laboratory, facilitating investigative
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measurement of a large test matrix program of potentially preferential coil
arrangements. A schematic of the 2x1 arrangement can be seen in Figure 5.6.
Four of the DC coils outlined in Table 5.3: were available to bias the cores of this
scFCL, with a total of 350kAT available, depending on copper temperature and
resistance.

Figure 5.6: 1500V 2x1 scFCL D-core prototype

Given that the radial build of the copper coils required to provide such a DC bias is very
large, the total copper length and single coil resistance is subsequently high. Hence, the
power supplies available could not sufficiently power an entire DC coil each. For this
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reason the DC coils were electrically divided so that the 4 coils could be powered by 6
power supplies. The division was made so that the electrical resistance of each coil
connection circuit was equal, even though the inner segments contained more turns.
Each DC coil has 196 turns, with each inner segment comprising 137 turns, and each
outer segment comprising 59 turns. For Prototype B of the 1x2 scFCL, the segment
connections were arranged to provide magnetic balancing; however, since balancing is
inherent to this configuration, segment connection is solely an issue of available power
and copper coil resistances.
DC windings connected in
series
DCi1
DCo1 and DCo2
DCi2
DCi3
DCo3 and DCo4
DCi4
series connections of DC bias coil segments for power

Power supply
1
2
3
4
5
6
Table 5.4: Description of
supplies.

The DC power supplies are CIGWELD 500i inverter welding power supplies, which
have been described in Chapter 4. The DC coils were configured in segments and
connected such that each of the six power supplies would have an equal load. Table 5.4:
details the series connection of the DC coil segments, where 'i' denotes inner coil
segment and 'o' denotes the outer coil segments. A circuit representation of the
connections is shown in Figure 5.7. The resistance measured for each coil segment
connection was found to be approximately 0.14Ω, resulting in an energisation current of
approximately 380 amps at 50V.
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Figure 5.7: The 2x1 1500V Prototype A simulation model circuit representing the AC
and DC coil connections
In testing the 2x1 configuration, DC circuit protection (as outlined in Figure 5.8) was
included in each DC power supply circuit. A load bank of four 5Ω dump resistors was
connected in parallel with the supply voltage, as shown.
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Figure 5.8: DC power supply protection circuit employed for the 2x1 D-core 1.5kVLL
tests

Figure 5.9: Test system for 2x1 D-core 1.5kVLL tests
5.4.3

2x1 D-core Prototype bias characterisation - the Helmholtz approach

The core flux leak from a 2x1 open core scFCL is intrinsically symmetrical. There
could be no advantage accrued from positioning the AC coils other than centering them
on the steel cores. Thus in developing a test matrix for this configuration, the only
configuration variables examined were the DC coil height (for the single DC coil type)
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and DC coil height and separation distance (for the Helmholtz type setup). For the
reasons outlined in Chapter 4, magnetostatic FEA is not a suitable method to accurately
predict scFCL bias requirement. Accordingly, the transient induced voltage method was
employed. This modelling methodology was previously employed and validated in
developing the 1x2 scFCL configuration. Figure 5.10 presents DC bias curves for the
1.5kVLL prototype at the planned test centre AC line current of 258ARMS. The DC bias
investigation steps through a matrix of DC coil combinations, with the aim of defining
optimal coil arrangement patterns in terms of reduced DC bias requirement. A lower
DC bias requirement will lead to lower HTS magnet cost and complexity in a HV
scFCL.

Figure 5.10: FEA DC bias curves for 1.5kVLL 2x1 scFCL with Helmholtz type DC coil
arrangement
The DC bias curves shown in Figure 5.10 are those of Helmholtz type DC coil
positional arrangements, all positioned symmetrically about the centre of the core
height. Practical adjustment of the coils is made feasible by the flexible nature of the
DC coil holding structure designed for the prototype. Earlier modelling on smaller
312VLL prototypes suggested that a Helmholtz type arrangement will provide the lowest
DC bias requirement; hence, this pattern was replicated in analysis of the 1.5kVLL
prototype. For this analysis the DC coil height was kept constant at the height of two of
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the physical DC coils positioned with a 50mm gap between them, as shown in Figure
5.9. The DC coil height would also be restricted in a commercial sFCL by the
manufacturing and operational complexities, along with the expense that would be
introduced were HTS coil/cryostat wall height and area excessively large. The results in
Figure 5.10 show that the scFCL can be biased to an effective μr of 1.25 on application
of 250kAT.
Figure 5.11 shows the bias curves developed for the same scFCL arrangement using a
single DC coil at varying coil heights. The results show that the use of a single DC bias
coil is not an efficient method of biasing an open core scFCL. The most efficient single
coil, in terms of bias, was found to be a single coil of the same height as the AC coils,
which still required 360kAT to achieve an effective core μr of 1.25 (compared with
250kAT for the Helmholtz type arrangement). A DC coil at the same height of the AC
coils (1.25m) would prove prohibitively complex and expensive to manufacture though,
and operational losses would far exceed those for a Helmholtz type bias coil
arrangement – for both a copper based prototype or a scaled up HTS commercial
device.

Figure 5.11: FEA DC bias curves for 1.5kVLL 2x1 scFCL with Single DC coil
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The Helmholtz type arrangement can provide core saturation at 25% less bias
application than the single DC coil configuration, and also allows for simpler, more cost
effective and efficient HTS magnets. The Helmholtz configuration is also employed in
air-cored magnets to provide an area of constant magnetic field, as depicted in Figure
5.12, which is not obtainable with a single solenoid. In a single solenoid, magnetic field
is strongest at the centre of coil height and weakens towards the outer ends of the
solenoid length.

Figure 5.12: Homogenous magnetic field produced by Helmholtz coils in air
The natural field fringing effects that occur in an air core solenoid are also present in a
solenoid enclosing an open iron core, though the flux densities in the core steel are
higher. The field fringing at the outer ends of the biasing solenoid cause the saturation
level in the core to drop at the outer ends of the coil. In an scFCL this results in a
significant increase in the AC coil reactance, and excessive DC bias application is
required to compensate the flux leak throughout the core height. The Helmholtz type
DC bias arrangement sets up a magnetic field in the scFCL core in a similar manner to
Helmholtz coils in air. The Helmholtz arrangement in air provides a region of constant
magnetic field strength between the two coils as the resulting field is cumulatively
formed by the coils (as shown in Figure 5.12). In the scFCL steel core, the presence of
the core steel allows for further coil separation than standard air Helmholtz coils (where
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coil to coil separation is the same as coil radius) before fringing and flux leakage starts
to occur between the two coils and out of the core steel.

a. Single Coil (360kAT)

b. Helmholtz (250kAT)

Figure 5.13: FEA based comparison of core flux in 1.5kVLL 2x1 scFCL
Figure 5.13 compares the single and helmholtz DC bias arrangements in terms of core
flux and flux leakage. It is clear that for the single bias coil arrangement (Figure 5.13a.),
core flux leakage within the AC coil height is more prominent, as it would be were the
coils air cored. Figure 5.13b shows the effect of Helmholtz coils and how their fields
accumulate to give an elongated region of constant and elevated magnetic field density
in the core, within the AC coil height.
Further analysis of the open core scFCL revealed a consistent pattern, where the DC
bias was optimised when the DC coil separation was in the region of 70%-90% of the
AC coil height. It was found that the ideal separation is dependent on parameters such
as core area, the number of AC turns (NAC) and AC coil to core height ratio, along with
being strongly dependent on AC load current. A higher AC load current necessitates a
smaller DC coil separation, so that the DC generated field can overcome the strong AC
generated field at the centre of the AC coils. For the 1.5kVLL prototype a larger DC coil
separation was possible as the test centre load current was only 258ARMS. Overall, the
Helmholtz type biasing configuration offers significant cost, complexity and
performance benefits over a single DC bias coil as it allows for reduced DC coil and
cryostat heights, less HTS material requirement, and superior fault limiting – as
increased core de-biasing (on occurrence of a fault) is facilitated by application of lower
DC H-fields.
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5.4.4

2x1 D-core Prototype testing

The testing of the 1.5kVLL prototype was undertaken at a bias point of 250kAT with a
DC coil centre to centre separation of 1.29m (based on evaluation of the DC bias curves
shown in Figure 5.10) – the basic test cell configuration can be seen in Figure 5.9. Each
coil in the Helmholtz type arrangement consisted of two of the 196 turn DC coils
positioned as closely together as possible, forming a coil pair that magnetically
approximated one coil (though electrically powered as outlined in Figure 5.7). The
overall DC coil separation was measured from the centre of each coil pair to the other
coil pair forming the Helmhotz type configuration.
Figure 5.14 shows a series of measured and FEA predicted transient results for the
prototype as it was tested at the Lane Cove high power test laboratory (at 1.5kVLL). The
plots show excellent agreement between measured and predicted fault current limiting
for the 2x1 D-core sFCL. The prototype was designed for and tested to demonstrate
understanding of FCL electromagnetic performance for the steady state fault condition
as this requires back-emf contribution from both AC coils and cores. Asymmetric peak
fault limiting contribution is from only one of the two cores as only one core is toggled
through its flux loop in that half-cycle, where a higher fault current is available to
demagnetize that core than for the steady state case. The fault current is reduced from
15kARMS to 7.8kARMS, at a pre-fault scFCL voltage drop of 4.7VRMS. The applied DC
bias for equivalent scFCL insertion impedance is lower than that required for the 1x2
prototype. The fault current limiting performance is also higher than that recorded for
the 1x2 configuration (see Figure 4.13), with lower employment of NAC.ACORE in the
electromagnetic design (0.87 vs 1.446), lower scFCL voltage drop (4.7VRMS vs
11.3VRMS) and lower air core limiting contribution from the AC coils. This indicates
that the 2x1 configuration is a far more efficient design, offering opportunity to reduce
the DC bias requirement whilst also decreasing core steel and AC coil copper material
usage.
Figure 5.14 also shows a curve representing the fault limiting obtained when using an
air core reactor with a pre-fault voltage drop equivalent to that of the scFCL. The
difference between this curve and the actual scFCL limited current represents the
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current limiting that is provided by the saturated-core FCL action – i.e. as the core
material is toggled and the device generates a back emf that provides cancellation of the
AC circuit source voltage and limits the fault magnitude as a result. Of note is that the
current zero crossing is at t=0.365s as highlighted in Figure 5.14. The response of the
device is further explained around this current zero crossing point in the following
discussions.

Figure 5.14: 2x1 D-core scFCL fault currents, FEA predicted and measured – 15kA
prospective fault
The electromagnetic functioning efficiency of a 2x1 scFCL can be verified through
examination of the voltage and core magnetic field plots presented in Figure 5.15 and
Figure 5.16 respectively. An efficiently functioning scFCL will demonstrate full core
magnetic field toggling through the material BH curve. It should not re-saturate
significantly on the peak of its fault current, though some re-saturation is inevitable
when the design aims to make full use of the core material (in toggling through the 4.2T
available for M6 material). All performance characteristics of the device can be
understood on careful examination of core magnetic flux transient behaviour on
occurrence of an AC fault.
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The voltage curves for the tested prototype are presented in Figure 5.15. For the
purposes of establishment of fundamental scFCL behavioural characteristics, the same
current zero crossing is highlighted (as was highlighted in Figure 5.14). The voltage
plots consist of FEA predicted and measured scFCL terminal voltages, along with plots
of the voltage across a single AC coil of the device. On examination of the curves, it is
clear that the terminal voltage in any given half-cycle is formed from summation of the
two series connected AC coils. The response from each AC coil consists of its air core
response and its core steel generated response. The voltage spikes are those generated
by toggling the core steel through its BH material curve from an initial saturation level
to saturation in the opposite BH curve quadrant. As the current zero crossing is reached,
the AC current polarity reverses, no longer generating H-field that opposes the DC
generated H-field in AC coil 1, causing the core material to step back into saturation and
the voltage spike from the single AC coil to collapse entirely. The flat response of an
individual AC coil after a current zero crossing is that voltage generated by its air core
reactance, as it sits on saturated steel for a half-cycle, until the next current zero
crossing and AC current polarity reversal.

Figure 5.15: 2x1 D-core scFCL terminal voltage, FEA predicted and measured – 15kA
prospective fault
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As one AC coil response retreats to that of an air core reactor at the current zero
crossing, the other AC coil undergoes a change in its H-field generation polarity and
begins to counteract the DC generated H-field and change the flux in its core. As a
result, another voltage spike is generated by the second AC coil through the second AC
half-cycle. The typical voltage response across a 2x1 scFCL is that of two AC coils in
series and includes characteristic voltage dips at the current zero crossing. These can be
further understood in the context of core flux and voltage behaviour presented in Figure
5.16.

Figure 5.16: 2x1 D-core flux densities and scFCL terminal voltage, FEA predicted and
measured – 15kA prospective fault
The measured flux density data presented in Figure 5.16 was obtained via integrating
the voltage measured across simple search coils of ten turns (using a precision
integrating flux-meter). The search coils for the measurement were wound at the centre
of the core height for each core. The core fluxes develop in a non-linear fashion and are
of different magnitude along the core height, as both the AC generated and DC
generated magnetic field intensities are different along the core. Figure 5.16 includes
plots of both the measured and FEA predicted core fluxes, along with the corresponding
sFCL terminal voltage on the secondary axis. A full excursion through the BH curve (in
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this case, over 4 Tesla of core flux change) through each AC half-cycle demonstrates
that the core steel is being fully utilised in back emf generation. Again, the current zero
crossing at t=0.365s is highlighted. At this point a characteristic dip in the voltage
response is present. Examination of the core fluxes at this point shows that both cores
are momentarily below -2.1T and fully saturated at the current zero crossing, causing
the total scFCL terminal voltage response to collapse to that of an equivalent air core
reactor.
It can be seen from Figure 5.16 that both cores are completely toggling through over 4
Tesla of flux density change during their active half cycles, which compares with just
over 2T on the balanced 1x2 Prototype B. The resulting back emf generation is higher
when compared with the 1x2 configuration, even though the lower fault current shown
for the 2x1 D-core would lead to a lower air core contribution from the AC coils.
Hence, the 2x1 D-core is clearly a far more efficient design.
Asymmetric peak fault limiting occurs in one half-cycle only, and as a result, FCL
terminal voltage and core flux patterns are equivalent to that of a single core n the
steady-state fault case shown in Figure 5.15 and Figure 5.16.
The D shape of the cores will not affect the electromagnetic performance of the sFCL as
the laminated core material will behave, relative to the dominant H-field direction, as a
bulk material of zero conductivity and non-linear permeability. Hence, in any horizontal
plane along the core height, the flux density will be identical regardless of crosssectional core shape – just as the B-field in an air-cored vertically held solenoid of noncircular shape will be homogenous in a horizontal plane. In the vertical plane the flux
densities generated are non-linear and non-homogenous along the core height, just as
the B-field in an air-cored vertically held solenoid of circular or non-circular shape
would be non-homogenous in the vertical plane. An FEA simulation result is presented
in Figure 5.17 showing the magnetic flux density of Core 1 in a 2x1 FCL, taken along
the vertical centre line of the core at different points in time. At t=0s, the AC line
current is low and the core is saturated by the applied DC bias (green plot in Figure
5.17). At t=0.360s, AC Coil 1 is boosting the DC bias and driving the core further into
saturation (red plot in Figure 5.17), this corresponds with the deep and wide hollow
portion of curve shown in Figure 5.16 just prior to the highlighted current zero crossing.
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At t=0.365s, the current zero crossing occurs and AC coil 1 is no longer boosting the
DC bias, as a result, the saturation level eases slightly, though most of the core is still
saturated (orange plot in Figure 5.17). At t=0.370s, the peak current in AC Coil 1 sets
up a magnetic field that opposes the DC generated field and the core is toggled fully
from -2T to 2T. As expected with a solenoid, the strongest H-field is generated in the
centre of the coil, and accordingly, the flux toggle is greatest at this point (blue plot in
Figure 5.17). The helmholtz type DC bias arrangement, positions the strongest DC
generated field over that portion of the AC coil that generates the weakest H-field.
Hence, even at the AC current peak, the core steel under the DC coils does not toggle
fully.

Figure 5.17: 2x1 D-core, time based flux distribution in Core – 15kA prospective fault
As shown in Figure 5.15 and Figure 5.16, the 2x1 configuration is inherently balanced
with both cores toggling to the same extent on occurrence of a fault. The helmholtz-type
arrangement has been shown to offer lower DC bias requirement than other
arrangements. It has also been shown that the position of the DC coils in the helmholtz
arrangement is away from the core regions that undergo deepest flux change during a
fault. Hence, the flux linking the DC coils does not toggle through 4T, as occurs at the
core centre. Figure 5.16 shows that at the current zero the core areas beneath the DC
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coils are saturated to about 1.9T. Subsequently, on a current peak, one core is driven
deeper into saturation (to about 2.4T), while the other only toggles to about 0.4T. The
result is significant magnetic cancellation over that recorded in the 1x2 scFCL
configuration. Consequently, the voltages induced on the DC bias coils are far lower
than those induced on a 1x2 DC sFCL bias coil.

Figure 5.18: FEA simulation result for DC coil induced voltage and current during a
fault of If'=15kARMS on a 1.5kV 2x1 FCL
Figure 5.18 presents FEA generated results for the currents and voltages induced on DC
coil 1 (the inner DC coil, NDC=137 from Figure 5.7) at the Lane Cove 15kARMS fault
level. The voltage induced on the single DC coil has peaks of 40V and the subsequent
current has peaks of up to 450A; however, importantly, no reverse currents occur.
Increasing the number of DC coil turns can also reduce the magnitude of these currents.
Typically, in a HV commercial design, the bias required can be up to 1MAT, and the
number of turns used in the HTS magnet coil can be up to 5000. The resulting current in
such a DC circuit would be small, whilst the magnetic cancellation would ensure that
the induced voltage could also be kept at a safe level.
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5.5

1.5kVLL 2x1 D-core with shielding tank

Investigation into passive shielding of the 1x2 scFCL (Section 4.6) demonstrated that,
in accordance with Lens' Law, the shield reacted to the changing magnetic flux in the
sFCL core by generating a large transport current and H-field, which itself opposes the
changing magnetic field in the core and destroys the scFCL functionality. As has
already been shown, the 2x1 D-core is inherently magnetically balanced, which
essentially negates the requirement for significant passive shielding for DC coil
protection; however, other potential issues may arise in a commercial scFCL. The
magnetic balancing that cancels out damaging voltages on the DC coil in a 2x1
configuration has been shown to be less than absolute. In scFCL fault operation, the
change in flux on the core that toggles is much more than the change in flux on the
other core that is driven further into saturation. One concern was that this may cause Hfields to develop in some sFCL structural components such as in the HTS cryostat walls
or the AC tank, which could act as passive shields and detrimentally affect and scFCL
performance.
5.5.1

2x1 D-core with shielding tank – characterisation, modelling and testing

Shielding experiments were designed and included in the testing undertaken at the Lane
Cove testing station. The effects of a 9mm thick Stainless Steel shield, approximating
an scFCL tank, were analysed in FEA and included in the 15kARMS testing. Figure 5.19
shows the shield being lowered over the same 2x1 D-core scFCL that was presented and
analysed in Section 5.4.
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Figure 5.19: Addition of 9mm thick Stainless Steel shield on the 2x1 D-core scFCL

Figure 5.20: FEA and measured fault currents for 2x1 D-core, with and without
Stainless Steel shield – 15kA prospective fault
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Figure 5.20 shows the fault current testing and simulation of the 2x1 D-core with and
without a conductive tank/shield in place. It is immediately apparent that the effect of
the resulting current and consequent reactive H-field from the tank is not adversely
affecting the fault limiting performance of the scFCL. The fault limiting is almost
identical with and without the Stainless Steel shield in place. The magnetic cancellation
that prevents large voltage inducement on the DC coils also prevents the development
of a performance damaging reactionary H-field from the tank.
Closer examination of the current plots of Figure 5.20 and particularly focusing around
the current zero crossings, shows that there is a pronounced difference in waveform
shape in this region compared to the case of when there is no shield in place. The FEA
predicted prospective fault current is shown, along with the measured and FEA
predicted FCL-limited fault currents with and without the 9mm thick Stainless Steel
shield in place. With the conductive shield in place, there is a marked change in current
waveform slope at the current zero crossing. Examination of the voltage and core flux
density waveforms explains why this occurs.
Figure 5.21 presents measured and FEA predicted voltage curves corresponding to the
15kARMS (prospective) fault current curves of Figure 5.20. The scFCL terminal voltage
and the single AC coil voltage - recorded through voltage taps taken across AC coil 1 are both also shown in Figure 5.21. The current zero crossing at t=0.165s is highlighted
on each plot. Whereas the typical voltage waveforms presented in Figure 5.15 show a
voltage dip at the current zero crossing, when a conductive tank or shield surrounds the
cores a spike in voltage is seen at the current zero crossing. The voltage spike
corresponds with a sudden and unsustained increase in sFCL impedance, which
instantaneously limits the fault current around the zero crossing. Subsequent to the
current zero crossing, the scFCL impedance reduces suddenly and the fault current
recovers along its original waveform trajectory.
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Figure 5.21: Measured and FEA transient terminal and coil voltages for 2x1 D-core,
with and without 9mm Stainless Steel Shield – 15kA prospective fault

The voltage spikes that can be seen at the current zero crossing in Figure 5.21 can be
explained through discussion around Figure 5.22, which presents the measured and
predicted core flux densities along with scFCL terminal voltage during the 15kA Lane
Cove laboratory test conditions. Again, the current zero crossing is highlighted at
t=0.165s. The core flux density measurement probe was arranged as described in
Section 5.4.4 for the D-core test without the surrounding shield. Examination of the
core fluxes shown in Figure 5.22 with those presented in Figure 5.16 shows that a curve
distortion and phase shift occurs in the core steel magnetic fields upon inclusion of a
conductive tank or shield on the 2x1 scFCL. The distortion is such that neither core is
saturated at the current zero crossing, with the flux density in both cores at -0.5 Tesla.
The result is that both AC coils enclose cores of high relative permeability and
accordingly, insert high impedance into the network. After the current zero crossing,
Core 1 (the blue curve in Figure 5.22) quickly returns to a saturated state, while Core 2
(red curve) continues to de-bias with the increasing AC fault current.

159

Figure 5.22: Measured and FEA core magnetic flux for 2x1 D-core sFCL with 9mm
Stainless Steel Shield – 15kA prospective fault
The magnetic field distortion evident in the cores is a result of reactionary fields that
develop through the shield. Incomplete magnetic cancellation occurs in each half cycle
as one core is toggled out of saturation and towards re-saturation in the opposite BH
curve quadrant, while the other core is driven further into saturation but with a lesser net
flux change. The enclosing tank or shield essentially forms a closed short circuit of very
low resistance and consequently, the net flux change in every half cycle causes an
induced current to circulate in the shield. This resulting transport current can be very
high in magnitude, depending on material resistivity and tank/shield thickness, and
produces a reactionary H-field, which acts to distort the magnetic field patterns in the
scFCL cores. Figure 5.23 shows the induced current in the 9mm Stainless Steel shield
measured during the Lane Cove 15kA fault tests on this device. The measurement was
taken using a Rogowski coil, which enveloped the shield and was connected to the
DAQ system. It should be noted that the double frequency current waveform seen in the
tank is a result of both cores being toggled during a single AC cycle, with the resulting
net flux change acting on the shield at double the AC line frequency.
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Figure 5.23: Measured and FEA shield transport currents for 2x1 D-core scFCL with
9mm Stainless Steel Shield – 15kA prospective fault
A 0.9mm Copper shield was also tested under the same conditions. It was found that the
increased conductivity of the Copper and the reduced wall thickness and cross-sectional
area cancelled each other out, which led to results that were very similar to those
presented here for the thicker Stainless Steel shield.
5.5.2

di/dt at a current zero crossing.

When a Circuit Breaker opens, an arc forms across the seperating contacts. This arc
forms across a plasma column composed of ions and electrons from the inter-contact
medium or metal vapor given off by the electrodes. The plasma column remains
conductive and the arc is sustained as long as it is not significntlly cooled, whereby its
energy is extracted through heat transfer and it collapses. In normal circuit breaker
operation, the earliest opportunity of extinguishing the conductive arc will be at the
nearest current zero crossing. Various methods are used for this, such as puffer type
breakers which blow air or other fluid through the arc, cooling it as its instantaneous
energy is simultaneoulsy dropping on approach to the current zero crossing. Subsequent
to initial arc extinguishment, restriking can occur, depending on numerous factors such
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as Rate of Recovery Voltage (RRV), Transient Recovery Voltage (TRV) and rate of
change of current (di/dt). In order for circuit breaking to be successfully sustained, the
rate of dielectric recovery must be much quicker than that of the TRV, otherwise
dielectric breakdowns and restrike of the conductive arc can occur. On occurrence of
dielectric failure, the medium seperating the breaker contacts becomes conductive
again, generating transient phenomena. A higher di/dt around the current zero crossing
facilitates restrike in supplying energy to assist in generating and sustaining another
plasma column and conductive arc formation.
The higher the di/dt at the current zero crossing, the more onerous permanent arc
interruption becomes. Switch gear is made and tested under different current ratings and
the di/dt of a normal sinusoidal current waveform is proportionally smaller as the
amplitude of the current decreases.

Accordingly, switch gear that is designed to

perform with lower fault currents is also only capable of preventing restrike occurrence
with lower current zero crossing di/dt. Figure 5.24 shows a simulation of typical circuit
di/dt for cases where an FCL alone and an FCL with shielding is used to limit the fault
current. Examination of the waveforms presented in Figure 5.24 illustrates that a
problem exists around di/dt reduction on incorporation of an scFCL in the AC network.
The unlimited prospective fault current shows the highest di/dt, in accordance with it
having the highest current level. The red curve shows the di/dt rate on incorporation of
the 2x1 D-core sFCL. It can be seen that although the scFLC has reduced the fault
current amplitude by 48%, the di/dt reduction is not proportional to the current
reduction and a spike occurs in the di/dt at the current zero crossing. This di/dt increase
at the current zero crossing would cause arc restriking to occur if used in combination
with a circuit breaker that has a rating to match the reduced fault current amplitude. In
effect, the occurrence of high di/dt would negate the circuit breaker fault current rating
benefit accrued by insertion of the scFCL, and a circuit breaker rated for the prospective
fault current would still be required in order to handle the high di/dt reliably – even
though the fault amplitude has been reduced.

162

Figure 5.24: FCL di/dt response with and without 9mm stainless steel shield
The green curve in Figure 5.24 represents the di/dt on incorporation of the 9mm thick
Stainless Steel shield on the 2x1 D-core scFCL. Note that a marked change occurs in
the di/dt waveform at the current zero crossing, which is consistent with the current
waveforms shown in Figure 5.24 as the di/dt at the current zero crossing is reduced
significantly on incorporation of a conductive shield/tank. This is a result of the core
magnetic field distortion caused by the reactionary H-field developed through the
induced transport current circulating around the short circuit tank circumference, which
causes both sFCL cores to be unsaturated at the current zero crossing. The result is an
instantaneous and temporary increase in AC coil reactance and scFCL impedance that
does not reduce the AC fault current amplitude over that of the unshielded scFCL, but
significantly reduces the di/dt at the current zero crossing.
The di/dt rate can be easily manipulated by alteration of shield materials and shield
thickness to produce a di/dt that allows for scFCL fault current reduction to be achieved
with the fault ratings of surrounding switchgear and protection equipment reduced
accordingly. Manipulation of the di/dt rate using shield structures formed part of a
commercial patent development shown in Appendix E [51].
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The IEC 62271-100 standard has no specific di/dt rating associated to a fault level;
however, the di/dt rate is implicit in the current amplitude and the frequency. With
conventional fault limiting technologies, such as air core reactors, di/dt is inherently
reduced in line with fault current reduction. The related industry standards are not
explicit in terms of di/dt and not applicable to scFCL-specific technical issues. Industry
standards do not currently exist for incorporation of scFCLs into electric networks.
However, it is critical for broader industry acceptance of scFCL technologies that an
issue of such significance to equipment operation and grid protection, as the di/dt at
current zero crossings, not become a technical limitation and barrier to early technology
adoption.
The discussion and research results presented throughout this Section introduce
methodologies for scFCL core magnetic field manipulation. These methodologies can
provide tangible performance improvements via reducing and adjusting the potentially
harmful di/dt peaks that develop in unshielded scFCLs.

5.6

Conclusions and Discussion

The 2x1 D-core configuration has been shown to be suitable as a HTS scFCL
configuration. Various facets of the 2x1 scFCL configuration were investigated, with
numerous prototypes modelled, designed, built and tested as part of this investigation.
The largest prototype, work on which was presented in Section 5.4, was successfully
tested at the Lane Cove high power test station at 1.5kVLL and fault currents up to
15kARMS. The fault current was reduced from 15kARMS to 7.8kARMS, at a pre-fault
scFCL voltage drop of 4.7VRMS at a pre-fault load current of 260ARMS. An air core
reactor of equivalent voltage drop provides less than one third of the fault limitation.
The FEA modelling accurately predicted the fault limiting performance and other
performance characteristics of the 2x1 scFCL.
Electrostatically, the 2x1 D-core scFCL configuration is not as attractive as the 1x2
configuration. However, the configuration is essentially technology enabling, given the
damaging induced voltage effects that are present in the 1x2 arrangements. Further, the
electrostatic design issues can be resolved using standard transformer technologies.
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As presented in Section 5.4, it was found that the 2x1 configuration was inherently
magnetically balanced and eliminated the issues around high induced voltages on the
DC coil and DC circuit currents, which render the 1x2 configuration unsuitable for use
as a commercial HTS scFCL. The core and coil arrangement are such that both
magnetic cancellation between the two cores and positioning of the DC coils towards
the outer ends of the AC coils in the Helmholtz type configuration (where less flux
change occurs), prevent high voltages from developing on the DC coils. Typically,
induced total DC coil voltage peaks of 40V can be expected for a device similar to that
tested at 1.5kVLL and 15kARMS fault level. These voltage peaks are far lower than those
seen for the 1x2 configuration of Chapter 4 and are low enough to eliminate concerns
around induced voltages damaging the HTS magnets of a commercial device.
The 2x1 open core configuration has been shown to be more electromagnetically
efficient than the 1x2 configuration. For equivalent levels of fault limiting, only 60% of
the NAC.ACORE combination needs be employed in the 2x1 when compared with the 1x2.
This increased efficiency comes from improved demagnetisation factors when the AC
coils and cores are taller and thinner, leading to increased flux density change within the
cores and accordingly, maximally efficient use of the available material during a fault.
This level of reduction holistically feeds into the scFCL design, providing practical
commercial benefits such as reductions in size, weight, transport and install complexity,
and operating and maintenance costs.
An examination of effective biasing of the 2x1 configuration was undertaken and it was
found that the 2x1 biases as efficiently as the 1x2 device. In terms of fault limiting
performance, given the lower employment of NAC.ACORE required, a 2x1 configuration
offers a lower bias requirement than the 1x2 scFCL. Investigation of specific 2x1
biasing regimes showed that the Helmholtz type DC coil arrangement offers bias
requirement reductions of over 30% compared to a single DC coil arrangement. The
Helmholtz type arrangement also lends to more easily manufactured and economically
operated HTS magnets, since DC coil height can be kept low.
Section 5.5 presented an investigation of passive shielding effects on the 2x1
configuration and demonstrated that performance advantages could be achieved through
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manipulation of passive shield (or tank) materials and wall thicknesses. The
predominant obtainable advantage is that of di/dt reduction at the current zero crossing,
which can be quite high on a standard scFCL without any shielding. A passive shield
can be designed to slightly shift the core flux in both cores at the current zero crossing,
instantaneously increasing scFCL impedance and reducing the di/dt at that point. This
effect was measured and predicted accurately, establishing a valuable performance
characteristic that can be designed into commercial scFCLs – hence, increasing their
operational attractiveness. Table 5.5: details a performance summary for the 2x1 open
core sFCL.

Fault limiting performance
Low operating impedance
Self-triggered, fail-safe
activation
Multiple consecutive faults
Cost, size and weight
Maintenance duty
Reliability

High at moderate fault levels. A moderate DC bias and a high
number of AC turns means that a moderate fault current is required
to toggle the cores.
A higher AC turn to core area ratio is typical, which provides
moderate operating impedance.
Yes.
Yes.
Cost is high as configuration mandates HTS bias magnets. Size and
weight are high.
Maintenance duty is low. AC components are akin to a power
transformer. DC magnets require annual PM.
Once TRL 9 has been demonstrated, reliability will be high.

Table 5.5: Performance summary for the 2x1 open core sFCL.
The research outcomes from this Chapter provide significant contributions to the scFCL
discipline and future development of this technology, through:
•

establishing that the 2x1 scFCL configuration is inherently safe and suitable for
operation with HTS coils without complex and expensive protection circuits;

•

establishing that the NAC.ACORE requirement in a 2x1 arrangement can be
reduced through optimised design, leading to increased operational efficiency
and, accordingly, reductions in bias requirement, weight and size of the cores
required.

•

demonstrating that further DC bias requirement reductions can be achieved
through optimisation of the Helmholtz type DC bias arrangement. The
Helmholtz setup can also accommodate shorter DC coil heights and lead to
further cryostat and HTS system manufacturing and operational savings.
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•

establishing operational benefits that can be achieved through designing passive
shielding effects into the scFCL performance, which result in reduction of the
di/dt at current zero crossings.
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6.

6.1

Advanced Open Core scFCL
development - 2x1 Core
Configurations

Introduction

The standard 2x1 configuration was investigated in Chapter 5 and shown to offer
inherent mitigation to the hazardous DC coil induced voltages seen on the 1x2 scFCL
configuration. It was shown in Chapter 5 that the 2x1 D-core scFCL configuration
operates more efficiently than the 1x2 configuration, in that it facilitates increased
scFCL core flux toggling at similar levels of fault current. This results in superior
performance with reduced height, core mass, AC turns, DC bias requirement and
insertion impedance. The helmholtz type DC biasing regime was investigated and it was
established as being the most efficient biasing mechanism for an open core scFCL.
Guidelines on advantageous relative positioning, spacing, heights, were also given.
The 2x1 configuration offers a technically enabling feature in balancing the induced
voltages on the DC coil, inherently protecting it from induced high currents, along with
the significant advantages of incorporating a low cost steel core and AC coil
configuration. Significant further progression of this scFCL technology would entail
further addressing the costs and complexities introduced by the superconducting bias
coils required, whilst maintaining the considerable advantages of the open core scFCL
2x1 and 6x1 configurations. Each individual coil structure incorporates superconducting
tape, expensive low oxide cold bus copper, cryostat super-insulation, low conductivity,
high strength coil supporting structures, cryogenic cold heads and associated
compressors and chillers, and large quantities of stainless steel. Reducing the cost and
complexity of the superconducting bias coils through lowering the total bias
requirement and the number of coils required would greatly improve the scFCL system
cost.
In this Chapter, research results on advanced 2x1 scFCL configurations will be
presented. These configurations allow for reduction in total DC bias requirement and
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even elimination of one of the DC coils that constitute the Helmholtz DC bias
configuration, through manipulation of core geometry and magnetic flux leakage paths.
The research methodology follows that of previous investigations presented in earlier
Chapters. A series of small scale prototypes were built and tested in the laboratory at the
312VLL level to establish that improved performance was obtainable employing core
shape manipulations. Subsequently, a 1.5kVLL level prototype was designed, built and
tested at the high power laboratory.
In this Chapter, Section 6.2 introduces the concept and theory behind augmented
geometry non-uniform cross-sectional area scFCL cores (also the subject of a patent
shown in Appendix E). Section 6.3 details the 312V prototype design and testing.
Section 6.4 presents the half-scale 1.5kV level prototype modelling and core topology
optimisation and development. Section 6.5 covers the half-scale prototype construction
and high power lab fault testing, followed by Chapter conclusions drawn and presented
in Section 6.6.

6.2

Non-uniform cross-sectional area scFCL cores

In development of novel core geometries that reduce DC bias requirements, the impetus
was on developing manipulations of core geometry that leverage Gauss's Law of
Magnetism advantageously. 2x1 core shapes were optimised to compensate for and
minimise flux leakage and maintain flux density levels that keep the core steel enclosed
by the AC coils in a saturated state at a lower DC bias. This is achieved through a
combination of tapered, non-uniform core cross-sectional areas, advantageous DC coil
positioning and establishment of lower reluctance flux leakage paths remote to that steel
volume enclosed by the AC coils, a schematic example of which is shown in Figure 6.1.
The strategy of tapering the cores of a standard open core scFCL is an extension of
Gauss's Law of Magnetism, which is one of the five Maxwell's equations, covered in
Chapter 3.
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Gauss's Law states that

¯

𝐵 . 𝑑𝐴 = 0

(6.1)

which dictates that the net magnetic flux, B, though any closed surface, S, must be zero,
considering the cancellation of flux vectors through the surface. The law in this form
states that for each volume element in space, there are exactly the same number of
magnetic field lines, or total magnetic flux entering and exiting the volume. A standard
open core scFCL magnetic circuit, consists of the core itself and the air return path. Any
cross-section through the core will form a surface, A. From Gauss's Law, the surface
integral of the magnetic flux density, B, on surface A will be zero. In other words,
within the core bulk volume itself, magnetic field transition along its height through
infinitesimally thin planes is to approximate the core as a closed magnetic circuit. Thus,
any given surface plane cut through its cross sectional area is a closed surface and flux
must also be conserved on any given surface within the circuit. Of course magnetic flux
must leave the core and form a return path through the air. Through those planes from
which the flux leaks to form the air return path, Gauss's Law will still apply, dictating
that the surface integral of the magnetic flux density on the surface will be zero. Hence
the flux that enters the surface plane must equal the flux that exits the surface plane. It
follows that according to Gauss's Law, the flux density within a closed surface from
which flux leaks to the air is dependent on that flux which enters and exits the surface,
but also on the cross-sectional area of the surface plane. If the flux entering the surface
is derived from a slightly larger surface then the flux density within the smaller surface
must either increase or leak that portion of the flux proportional to the reduction in
surface area. As flux leakage is inherent to an open core scFCL, in that the magnetic
circuit must leak from the core to form a return path through the environmental air and
close the magnetic circuit, flux density within the core can be manipulated through a
sequence of core cross-sectional area reductions. The resulting flux leakage at a point
along the core height is governed by both the inherent flux leakage pattern that occurs
according to interaction of numerous factors, such as DC coil position and bias regime,
AC coil height and field strength, and AC to core height ratio, and the imposed
manipulation brought about by adherence to Gauss's Law along the variable core cross
sectional area. As has been shown, flux leakage for both single DC coil and Helmholtz
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type DC coil bias regimes is towards the extremities of the AC coil and core. According
to Gauss's Law, incremental core cross-sectional area reduction in this region will
compensate for the leak that inherently occurs here and result in the steel that is
enclosed by the AC coil remaining in a saturated state, despite the fact that flux leaks
from it.
As the variable component of scFCL reactance is dependent on core saturation state,
clearly core cross-sectional area tapering localised to those areas of highest inherent flux
leakage has potential to allow lower application of DC bias requirement by maintaining
core saturation level for a given application of DC H-field, through proportional crosssectional area reduction instead of increased application of DC generated bias field on a
non-tapered core. Lower DC bias requirement can also lead to further operational
benefits such as a more efficient core toggling on occurrence of a fault, and hence, less
NAC.ACORE required for a given level of performance. The total flux change is the same
for a tapered core as occurs for a straight core, but as the tapered core promotes more of
the flux change to occur normal to the plane of the coil turns, the resulting EMF induced
on a coil is higher with a tapered core, relative to amount of core material used. As was
described in Chapter 3, this behaviour is governed by the following equation for
induced back emf:

EMF = N

L∅
LM

Cosθ,

(6.2)

where Ѳ is the angle formed between the flux line and the coil turn plane, Also, as flux
is conserved with the core at regions remote to the source of the bias field, potential
exists using tapered cores to return to a single DC coil bias regime in which a short DC
coil height may be facilitated, eliminating entirely the need for one DC coil, in which
case significant operational and economic advantage can be gained.
A tapered core, by definition reduces the cross sectional area of the core steel and hence
reduces the area enclosed by the AC coil which may toggle over 4 Tesla (material
dependent) on occurrence of a fault. However, the tapering effect in locally magnifying
the flux density of that steel within the taper will act for the AC generated field as it
does for the DC generated field. On occurrence of a fault, the core steel within the taper
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will be toggled more than that steel towards the extremities of the AC coil and core in a
standard open core of uniform cross sectional area, as the flux generated is forced
through an incrementally smaller area as it obeys Gauss's Law of Magnetism for the AC
generated field. The total flux change is the same, but the tapered core gives a more
efficient use of the core material present in generating back emf. Examination of Figure
5.16 in Chapter 5 shows that in the standard open core, flux toggle towards the
extremities of the AC coil is much lower than that at the centre of the AC coil. Hence,
the increased core flux toggle in this region of the tapered core will compensate, in
terms of total flux change linking the AC coil, for the reduced core cross sectional area.
In investigating the tapered core geometries, it was established that tapering the core
excessively does not warrant significant scFCL operational benefit in terms of DC bias
reduction and performance improvement. As the core is tapered to a small crosssectional area at its extremities, beyond the length of the AC coil, the core steel obeys
Gauss's Law and saturates easily. However, as the steel becomes saturated, its relative
permeability approximates equivalence to that of air. Essentially, the effect of having
steel present beyond the AC coil length becomes neutralised and magnetic flux once
again leaks from the core in significant quantity within the AC coil length. Accordingly,
the AC coil encloses steel of high relative permeability and the scFCL presents as a high
reactance. Extending the core length beyond the AC coil at a cross sectional area
equivalent to that at the extremity of the AC coil height, or even at an increased cross
sectional area, in the form of a flare, prevents flux leakage occurring within the core
volume enclosed by the AC coil.
As was found to be the case with the induced voltage issue presented in Chapter 4 and
Chapter 5, the flare phenomenon was found to be more pronounced on a larger scale
prototype and as a result it will be dealt with in detail in Section 6.4 as the 1.5kV level
prototype development is presented.

6.3

Small scale advanced 2x1 prototype

Following the defined developmental path on concept development (small scale
prototype modelling, design, build and test), a 2x1 312VLL level scFCL was built and
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assembled in the UoW lab, according to the schematic in Figure 6.1. The experimental
setup is as described in Chapter 3 of this thesis and the investigative procedure is very
much along the lines of that followed in Chapters 4 and 5 of this thesis for the
equivalent 1x2 and 2x1 untapered core prototypes.
Analytical design was initially undertaken based on the transient fault circuit parameters
available and a level of fault limiting sufficient to demonstrate the concept's viability.
This design process was as outlined in Chapter 3, and as the active area of steel under
the AC coil remains mainly untapered, follows the same procedure for the small scale
prototypes previously developed. Some allowance was made of the reduction in core
area resulting from the tapered core section.
The basic prototype core geometry was optimised through FEA analysis and design and
investigation was undertaken of numerous flare shapes and materials were examined.
The core was made in two sections, the tapered region and a series of flare shapes and
materials were made to attach to the tapered core.

Figure 6.1: Schematic of the 312V single phase basic tapered core sFCL configuration
prototype
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The test circuit was as outlined in Chapter 3, it was the standard test circuit employed in
all UoW tests. Analytical and FEA calculations showed that the scFCL design
parameters displayed in Table 4.1 could give reasonable fault limiting performance in
the test circuit, but this would be very much dependent on DC bias requirement and the
tapered and flared core performance, the assumption being made that DC bias
application would be similar to that required for an equivalent standard closed core
sFCL and de-biasing would follow along the ratios of the measurements and modelled
results shown in Figure 3.7 of Chapter 3. The central core area was set to be equivalent
to that of the standard 2x1 UoW scFCL prototype and the taper and flare geometries
were optimised and set as outlined in Figure 6.1. Given the relative scale of the 312VLL
prototype, the aim in developing and testing this prototype was to show that at least, a
shorter, single DC coil based configuration was equal in performance to the benchmark
2x1 prototype presented in Chapter 5.

Parameter
Value
Unit
HCORE_TOTAL
0.6
m
ACORE_CENTRE
0.0064
m2
AC coil width
0.09
m
AC coil depth
0.09
m
AC coil height
0.39
m
DC coil width
0.156
m
DC coil depth
0.296
m
DC coil height
0.1
m
No. of AC turns
60
turns
No. of DC turns
98
turns
Table 6.1: 2x1 UoW tapered core prototype design parameters.
The DC coil height is shown in Table 6.1: as 0.1m, but in fact two DC coils, which is
half the number used in the standard 2x1 open core prototype, each of 98 turns and
100mm height were used, and investigation into the optimal DC coil combination was
undertaken using FEA modelling. Initially, bias curves were generated for the concept
and a suitable bias point was chosen for fault testing.
The FEA developed bias curves for this setup are shown in Figure 6.2, these were
developed using the transient induced voltage methods outlined in discussion of the 1x2
prototype A scFCL in Chapter 4. FEA predicted bias curves for the tapered and an
equivalent untapered core are presented in Figure 6.2. The tapered configuration is as
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depicted in Figure 6.1 which forms the baseline case for a tapered core 2x1 scFCL in
which the AC and DC coils are centered on the cores. A DC bias of 72kAT was
selected, allowing pre-fault impedance to be at about 140% of the air core impedance of
the AC coils. This compares with a total bias requirement of 108kAT for the equivalent
untapered core 312V prototype presented in Chapter 5. The tapered core also enables a
shorter DC coil height to be incorporated, which, on a scaled commercial scFCL would
allow substantial cost and complexity reduction through the requirement of a single
HTS bias coil and cryogenic system.

Figure 6.2: Bias curves developed for various standard and tapered core 2x1 scFCL
312VLL level prototypes
Clearly, the tapered core offers significant opportunity to both reduce total bias
requirement and to bias an open core scFCL with a reasonably sized HTS bias coil.
The fault current test circuit parameters for the results displayed in Figure 6.3 and
Figure 6.4 are detailed in Table 3.1 of Chapter 3. Figure 6.3 shows the measured
prefault voltage drop waveforms versus the FEA predicted voltage drop across the
prototype scFCL terminals for different DC bias applications on various configurations
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investigated. Excellent agreement is shown between the measured and FEA predicted
voltage curves, which also provides validation of the DC bias curve development
methodology and those results presented in Figure 6.2. The results show that an
equivalent voltage drop is recorded for the tapered core configuration for a greatly
reduced application of DC bias.

Figure 6.3: Prefault transient voltage curves, measured and FEA predicted for various
312VLL prototype 2x1 scFCLs, at different DC bias application levels.
The recorded voltage waveform presented in Figure 6.3 is of poor quality as the DAQ
system resolution was set to capture the faulted state voltage waveform which is of far
higher magnitude than the pre-fault condition.
Figure 6.4 shows the measured and FEA predicted transient fault results for both the
tapered (at 72kAT) and equivalent untapered (at 107kAT) 312VLL scFCL prototypes.
The equivalent air core limited fault currents are also shown. As with the equivalent
tests on 312VLL prototypes presented in previous Chapters, the test circuit is such that
the prospective fault currents themselves cannot be measured and hence an equivalent
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air core reactor is used to confirm the prospective fault level. The plots show that,
although the tapered core by definition contains less core steel, the fault current limiting
performance is equivalent to that of the untapered 2x1 configuration. This is the case as
the core taper promotes conservation of flux density level for both the DC generated Hfield, but also for the AC generated H-field that toggles the core on occurrence of a
fault. Although there is less core area in a tapered core, that steel present is toggled
more completely and used more efficiently, resulting in both lower DC bias requirement
and equivalent fault limiting performance. For the tapered core case presented, a small
discrepancy exists between the measured and tapered core current results. This is likely
caused by the coarseness of the taper step not matching its representation in the model
where the taper was modelled as a smooth gradient. This effect does not present on
physically larger devices as the gradient is small relative to the core area and geometry.

Figure 6.4: Steady- state transient fault current modelling and measurement for 1x2
scFCL small scale prototype
Prototypes of the 312VLL small scale UoW scFCL were to demonstrate that the tapered
core concept has operational viability and potential to improve the scFCL over the
standard open core arrangement. Analysis of the prototype results suggests that tapered
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and flared core configurations can be arranged to give lower total DC bias requirement,
single DC coil biasing and improved fault limiting performance. Also, demonstrated by
this prototype was that the predictive modelling tools were accurately capturing the
magnetic flux behaviour of the tapered core scFCL and predicting its response to DC
biasing and under AC fault conditions. The small scale prototype provided sufficient
confidence to commence design work on a larger half-scale 1.5kV level prototype.

6.4

Half-scale tapered and flared 2x1 core scFCL

6.4.1

Overview of higher voltage level 2x1 tapered and flared core prototype

As with the 2x1 investigative procedure, the proof of concept 312V prototype led the
way for design and construction of a larger scale 2x1 tapered core scFCL with more
representative core shape, core area to height ratios, AC to DC turns ratios, insertion
impedances and fault current levels scaled according to source voltage level. The larger
device accommodates further investigation of potential for improvement of DC bias
requirement and fault limiting performance with altered coil, core positioning and flare
configurations.
As outlined in Chapter 5, the 2x1 configuration will inherently offer the magnetic
balancing that was implemented as a solution to the failures of the 1x2 configuration
and the tapered core offers the same half-phase magnetic symmetry as the standard 2x1
cores of uniform cross sectional area. Accordingly, the primary 1.5kVLL tapered core
2x1 scFCL prototype research aim was to develop foundational understanding, forming
those design principles employable in developing commercial devices. The D-core
shape of the standard scFCL was maintained, as has been discussed in Chapter 5, HTS
bias coils are preferably round in shape and the D-core cross section in a 2x1
configuration is particularly suited to this. The core geometry variables that were open
for advantageous manipulation were both the tapered form and the flared form.
Investigation was undertaken as to the effect of varying the taper and flare initiation
points, angles, termination points, etc., and the core electromagnetic action mechanisms
were investigated. Foundational understanding in terms of DC bias requirement and
subsequent fault current limiting performance was established.
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The 1.5kV level prototype was designed to allow research into both how the tapered
core can permit DC bias reduction in a Helmholtz type DC coil configuration and to
what extent the core geometry needs be manipulated to facilitate elimination of one of
those DC bias coils. Figure 6.5 contains a schematic of the tapered and flared D-core.
Manufacture of the non-tapered core volume, shown in grey, was to be undertaken
initially, followed by addition of the tapered and flared sections. The core laminations
for the tapered and flared sections were to be cut to size in increments, forming the
profile shown. A set of mandrills was employed to hold the laminations in place as they
were dipped in resin and secured permanently in position.

Figure 6.5: 2x1 Tapered D-core scFCL schematic
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6.4.2

Prototype design, arrangement and test configuration for Helmholtz type

tapered core scFCL
The motivation behind investigation and development of the 2x1 tapered core was that
of gaining electromagnetic efficiency improvements over the standard 2x1 open core
scFCL. The efficiency gained is through reduced DC bias requirement, and
subsequently, increased core toggling action by the AC generated H-field on occurrence
of a fault. Analytical design, following the procedure outlined in Chapter 3 of this
thesis, of the 1.5kVLL scFLC resulted in numerous combinations of ACORE, NAC, HAC,
etc. A tapered core design was then finalised based on FEA modelling, with numerous
iterations of taper and flare form examined to give an optimised operation efficiency
increase. Initial tapered core investigation was undertaken around the Helmholtz type
2x1 scFCL. The scFCL design parameters, shown in Table 6.2:, were chosen to give a
range of fault limiting results at different fault levels and also to allow ease of transport,
interchangeability and adjustment of relative coil arrangements within the 2x1
configuration. Subsequent investigation focused on development of single DC coil
biasing scFLC configurations, however given the research resource and Lane Cove
testing time available, it was deemed necessary that the same prototype cores and coils
were used and designed to be adjustable in accommodating investigation and
measurement of both the Helmholtz type and single DC coil type scFCL configurations.

Parameter
Unit
Straight Core
Tapered Core
HCORE
m
1.8
1.4
2
ACORE
m
0.038
0.038
AC coil area
m
0.05456
0.05456
AC coil radial build
m
0.011
0.0115
AC coil height
m
1.456
1.11
DC coil diameter
m
0.69
0.69
DC coil radial build
m
0.165
0.165
DC coil height
m
0.106
0.106
No. of AC turns
turns
23
20
No. of DC turns
turns
196
196
Table 6.2: Design Parameters for the 2x1 tapered core 1500V prototype.
On examination of Table 6.2:, it is clear that in comparison with the standard open core
scFCL presented in Chapter 5 of this thesis, the tapered core offers material benefits
around operational efficiency. The design is configured to give matching performance
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in terms of insertion impedance and fault limiting, with lower DC bias requirement and
lower employment of NAC.ACORE (0.76 vs 0.87). The same core area is used as the
standard scFCL prototype with reduced NAC requirement allowing the opportunity to
reduce AC coil height by over 25% at no cost to pre-fault insertion impedance.
As with the untapered open core prototype, the arrangement was constructed with the
cores and coils positioned vertically with each half phase adjacent to one another and
supported by a combination of aluminium framework and MDF cradles directly holding
the core and coils. The DC coils were set on sliding mechanisms to allow for quick
positional adjustment in the test laboratory, facilitating investigative measurement of a
predefined test matrix of potentially preferential coil arrangements. A schematic of the
2x1 tapered core Helmholtz type arrangement can be seen in Figure 6.6.
Four of the DC coils outlined in Table 6.2: were available to bias the cores of this
scFCL, with a total of 350kAT available, depending on copper temperature and
resistance.

Figure 6.6: High Power lab 1.5kV 2x1 prototype schematic
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Given that the radial build of the copper coils required to provide such a DC bias is so
large, and hence the total copper length and single coil resistance is high, the power
supplies available could not sufficiently power one DC coil each. For this reason the DC
coils were electrically divided. The division was made so that the electrical resistance of
each coil connection circuit was equal, even though the inner segments contained more
turns. The DC coil power supply circuits and arrangement are identical to those outlined
in Chapter 5 for the untapered open core scFCL prototype.
6.4.3

Taper and flare form investigation

Having conceived the tapered core concept, initial investigation focused on optimisation
of the core taper shape, specifically, its start point and angle. From a fault limiting
perspective, the approach taken was that the tapering should be minimised as much as
possible in order to maximise the core area available for back emf generation. The taper
effect has been shown to conserve flux density in the core for both DC and AC
generated field in the small scale lab prototype. The geometrical tapering also
effectively forces core saturation on application of de-biasing AC field, and resulting
full toggle and back emf generation, as it does force conservation of flux density on
biasing with DC H-field. Consequently, taper geometries were examined in terms of
DC bias requirement reduction initially, and that optimal geometry could be assumed to
also promote core toggling on occurrence of a fault.
The range of core geometries investigated through generation of a sequence of FEA
generated DC bias curves for the Helmholtz configuration is presented graphically in
Figure 6.7 and geometrically in Figure 6.8, with core geometry further detailed through
Table 6.3:. The core material employed was M6 in each case. The range of
configurations was formulated to probe the effects of different combination of core
tapering, straight sections and core flares. Intuitively, conservation of flux (application
of Gauss's Law) would suggest that a continuous taper would provide the most efficient
biasing mechanism. However, examination of Figure 6.9 and Figure 6.10, shows this
not to be the case. The best performing design in terms of DC bias reduction was found
to be Configuration 14 (from Table 6.3:). However, this arrangement incorporates an
exaggerated flare of cross sectional area exceeding the AC coil cross section, leading to
manufacturing and assembly complexities that were considered best avoided through
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employment of a reduced area flare. Those continuously tapered arrangements of
configurations 1, 2, and 3 were found to require increased DC bias application to reach
saturation. The overall optimal arrangement was found to be that of Configuration 10,
which was subsequently built and then tested at the Lane Cove high power test
laboratory. The taper and flare minimum and maximum cross-sectional areas were
designed to provide lowest DC bias requirement at the lowest material reduction of the
core and were 75% and 110% of the centre core cross sectional area, respectively.
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Figure 6.7: Tapered core Helmholtz biasing core geometry investigation incorporated in
bias optimisation study of various taper and flare combinations
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Figure 6.8: Tapered core geometry detail.

Configuration
A
B
C
D
E
F
1
0
1100 1400 311 200
20
2
300 1100 1400 311 200
20
3
900 900 1400 311 90
20
4
1100 1100 1400 311 311
20
5
0
1100 1400 311 200 200
6
300 1100 1400 311 200 200
7
700 1100 1400 311 200 200
8
0
1100 1400 311 200 420
9
300 1100 1400 311 200 420
10
700 1120 1400 311 200 420
11
0
1120 1400 311 311 550
12
0
0
1400 311 311 311
13
0
1120 1400 311 311 420
14
700 1120 1400 311 200 550
Table 6.3: Core geometries’ detail for those presented in Figure 6.7.
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Figure 6.9: DC bias curves for Helmholtz biasing of tapered core configurations
presented in Figure 6.7.
Examination of Figure 6.10, which presents a line probe of the vertical component of
magnetic flux density, shows that in continuously tapered cores, flux starts to leak from
the core under that volume of material within the AC coil causing the high impedance
seen in the corresponding bias curves of Figure 6.9. Flux leaves the core to follow the
lowest reluctance path in completing its magnetic circuit and continuous core tapering
has been found to push those flux reluctance path core entry and exit points towards the
centre of the core, de-saturating the core underneath the AC coil, leading to higher
impedance.
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Figure 6.10: Core flux density probe taken through FCL core for selected Helmholtz
biasing of tapered core configurations presented in Figure 6.7
Incorporation of a flare of larger cross-sectional area to the straight and tapered regions
has been found to beneficially alter the flux entry and exit points, extending them out
beyond the volume of steel enclosed by the AC coils, allowing for achievement of core
saturation and low impedance with lower application of DC bias. The increased area of
the flare means that for a given application of bias, it is always in a lower state of
saturation than a tapered region. Being at a lower saturation level means that the relative
permeability is significantly higher. As a result, flux paths though the flare form a
magnetic circuit of lower reluctance to those through air paths that could commence
from the tapered region of the core. The magnetic flux thus remains in the core with
greatly reduced leakage; it is attracted to exit the core through the path of lowest
reluctance, through the flare at the core extremities, hence maintaining flux density at
levels of saturation along the core length. Configurations 14 and 10 allow the core to
bias at 130-140kAT, this is a saving of 90kAT over the straight core of configuration
12.
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Figure 6.11 and Figure 6.12 present a study undertaken into the viability of using only
one DC coil, positioned at the centre point of the core height. Manipulating the core
geometry to allow elimination of one DC bias coil, represents a significant opportunity
to reduce cost and complexity of the bias system, and was the primary objective in
undertaking research into tapered core arrangements. The range of taper and flared core
configurations is presented in Figure 6.11, and the corresponding DC bias curves are
shown in Figure 6.12. As was found in examination of the Helmholtz biasing regime,
with the single, centered DC coil, continuous core tapering forces flux to leak from the
material enclosed by the AC coil, causing higher scFCL insertion impedance. A more
effective biasing system is found in tapering the core towards the ends of the AC coil,
and subsequently flaring the core.
Examination of the bias curves for the single, centered DC coil shows that tapering and
flaring the core area to 75% and 110%, respectively, of the centre core cross sectional
area (Configuration 7 of the single DC coil study presented in Figure 6.11) would result
in a DC bias requirement of 280kAT to saturate the cores. Addition of a yoke was found
to be necessary and had a large effect on further decreasing the bias requirement.
Table 6.4: details the geometries presented in Figure 6.11 according to the general
dimensions of Figure 6.8.
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Figure 6.11: Single DC coil biasing core geometry investigation incorporated in bias
optimisation study of various taper and flare combinations
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Configuration
A
B
C
D
E
F
1
0
1100 1400 311 200 420
2
300 1100 1400 311 200 420
3
700 1100 1400 311 200 200
4
0
1100 1400 311 311 420
5
0
1100 1400 311 200 420
6
0
1100 1400 311 200 300
7
0
1100 1400 311 200 300
8
0
1100 1400 311 200 420
9
0
1100 1400 311 311 311
10
300 1120 1400 311 200 20
11
700 1120 1400 311 200 200
Table 6.4: Core geometries’ detail for those presented in Figure 6.11.

Figure 6.12: Core Single DC coil tapered and flared core FCL bias curve for
configurations shown in Figure 6.11
Configuration 5 incorporated inclusion of N45 NeFeB permanent magnet and proved
the most effective arrangement in biasing the cores. The complexity of safely attaching
and transporting such an scFCL, along with the volatility of cost and supply, meant that
this option of hybrid permanent magnet scFCL was not built and tested. Also examined,
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in Configuration 2, was the use of a solid Mild Steel yoke in place of electrical steel.
The result is a greatly reduced bias requirement resulting from the development of eddy
current in the solid mild steel counteracting the AC load current generated magnetic
field. Although this may be advantageous in terms of core biasing, the induced eddy
current represents energy loss, thermal load and also has the effect of preventing AC
generated field from toggling the core and generating back emf on occurrence of a fault
current. The optimal arrangement for single DC coil integration, considering both bias
efficiency and fault limitation was found to be Configuration 1 (corresponding to
Configuration 10 as presented in Figure 6.7 for the Helmholtz setup) with a laminated,
(ø560x100)mm, M6 yoke plate at each end of the tapered and flared core. The yoke
essentially accentuates the effect of the flare, as discussed around the Helmholtz biasing
regime, acting as a larger volume of high permeability material forming an attractive
exit point along a low reluctance flux path for the DC generated field. The bias
requirement to saturation is reduced from 280kAT to 170kAT. The built prototype was
tested at 15kA prospective fault currents at a bias of 145kAT, as presented in Section
6.5 of this thesis.

Figure 6.13: DC bias curves along core height centerline for single DC coil biasing of
tapered and flared core configurations presented in Figure 6.11.
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Figure 6.13 shows flux probe lines taken though a core of the single centered DC coil
bias tapered and flared arrangements. Clearly evident, comparing configurations 9-11
with the others, is the effect of addition of a yoke in preserving flux in the core volume
and extending the region of core material that remains saturated at a distance from the
source of the bias field otherwise unachievable and far beyond that of a straight core of
the same DC bias coil positioning.

6.5

1.5kVLL tapered and flared core 2x1 scFCL fault tests

6.5.1

1.5kVLL tapered and flared 2x1 core circuit and FCL test configuration

The Lane Cove high power test centre has been discussed in Chapter 3 and the test
circuit is reduced to a single line diagram equivalent circuit, as shown in Figure 3.13. In
the Lane Cove high power lab tests presented here for the tapered and flared core
prototypes, the source impedance components shown in Table 6.5: were configured to
give a 15kARMS prospective fault current.
Parameter
Value
Unit
Vs
1500.√2.sin(2.π.f.t)
V
f
50
Hz
Rs
9.95
mΩ
Xs
99.5
mΩ
Rload
5.77
Ω
Inormal
258
ARMS
Ifault
15000
ARMS
Table 6.5: 2x1 scFCL Lane Cove high power lab test circuit configuration for
If'=15kARMS.
The test system including prototype scFCL, data acquisition, power supply and
protection circuits used for Lane Cove testing are shown in Figure 6.14.
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Figure 6.14: Lane Cove test cell system for 2x1 D-core 1.5kVLL tests
A direct comparison of the core and coil geometries is also presented in Table 6.6:. The
reduction in DC bias requirement and tapered core shape leads to increased core
toggling on occurrence of a fault, allowing more efficient use to be made of the steel
present and a lower number of AC turns and shorter AC coil height as a result. The
resulting tapered core FCL provides the same level of fault limiting performance at the
matching insertion impedance as that FCL presented in Chapter 5 of this thesis.
Standard core Tapered Core
Parameter
Unit
1.85
HCORE
m
1.4
0.038
ACORE
m2
0.038
--ATAPER
m2
0.028
--AFLARE
m2
0.041
0.05456
AC coil area
m
0.05456
AC coil radial
0.0115
build
m
0.0115
1.456
AC coil height
m
1.11
DC coil diameter
m
0.69
0.69
DC coil radial
build
m
0.165
0.165
DC coil height
m
0.106
0.106
No. of AC turns
turns
23
20
No. of DC turns
turns
196
196
Table 6.6: Geometric comparison of tapered and untapered core scFCLs tested at Lane
Cove.
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6.5.2

1.5kV tapered and flared 2x1 core Helmholtz FCL transient test results

The following plots present the transient voltage and fault limiting performance
measurements of the tapered core scFCL configurations tested at the high power test lab
for a prospective fault current of 15kARMS. Figure 6.17 and Figure 6.16 show a
comparison of FEA predicted and measured results for a half-scale tapered core
prototype built according to the description of Table 6.6:. The Helmhotz bias
arrangement comprised a total of 172kAT across both DC bias coils, which were
positioned centrally along the core height and spaced 800mm apart, as shown in
Configuration 10 of Figure 6.7. The device was enclosed by a 9mm thick stainless steel
cylinder, which emulated a tank wall. The results show excellent agreement between
FEA simulation and measured results for this FCL arrangement.

Figure 6.15: Post-fault current waveform comparison of FEA predicted and measured
fault currents for a half-scale tapered core FCL with helmholtz DC bias of 172kAT.
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Figure 6.16: Post-fault waveform comparison of FEA predicted and measured FCL
terminal voltage for a half-scale tapered core FCL with helmholtz DC bias of 172kAT.
Having established that FEA simulations accurately predict the performance and
behaviour of the 2x1 tapered core FCL, a simulation study to demonstrate its benefits
was undertaken. Its effectiveness in terms of providing equivalent performance with
reduced geometry and DC bias is established though a direct comparison made with the
straight core FCL presented in Chapter 5 of this thesis. The details of the standard 2x1
scFCL used in this study are presented in Table 6.6:. The tapered core scFCL used in
this study is also that of Table 6.6:, with DC coils in a Helmholtz type arrangement and
spaced 800mm apart along the core height, as shown in Configuration 10 of Figure 6.7.
The results presented in Figure 6.17, Figure 6.18, and Figure 6.19 show that with a DC
bias reduction from 250kAT to 195kAT from the straight to tapered core scFCL,
equivalent insertion impedance and equivalent fault limiting performance are achieved.
Additional to the advantage of lower DC bias requirement, significant cost savings can
be made from employment of smaller and lighter core and coil sizes with tapered core
scFCLs.
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Figure 6.17: Prefault voltage waveform comparison of tapered core helmholtz
Configuration 10 of the Figure 6.7 arrangements and the straight core helmholtz
arrangement
Figure 6.17 shows that application of 195kAT of DC bias on the Configuration 10
tapered core scFCL gives the same transient voltage drop at a load current of 259A as
the straight core FCL biased at 250kAT.
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Figure 6.18: Post-fault voltage waveform comparison of tapered core helmholtz
Configuration 10 of the Figure 6.7 arrangements and the straight core helmholtz
arrangement
Figure 6.18 shows that the Configuration 10 tapered core scFCL generates identical
transient back emf waveforms at a prospective fault current of 15kA, on application of
195kAT of DC bias as the straight core FCL biased at 250kAT.
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Figure 6.19: Post-fault current waveform comparison of tapered core helmholtz
Configuration 10 of the Figure 6.7 arrangements and the straight core helmholtz
arrangement.
Figure 6.19 shows that the Configuration 10 tapered core scFCL generates identical
transient current waveforms and current limiting performance at a prospective fault
current of 15kA, on application of 195kAT of DC bias as the straight core FCL biased
at 250kAT. In both cases, fault current was reduced from 15kARMS to 7.8kARMS, at a
pre-fault sFCL voltage drop of 4.7VRMS (250A load current), but with reduced cost and
weight components and reduced DC bias requirement using the tapered core
arrangement.
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6.5.3

1.5kV tapered and flared 2x1 core single DC bias coil scFCL transient test

results
The single DC bias coil arrangement of Configuration 5 in Figure 6.11 (tapered and
flared) was also fault tested at the high power laboratory in Lane Cove. The results are
presented from Figure 6.20 to Figure 6.22. Figure 6.20 presents a measured and FEA
predicted voltage drop across the device of 8VRMS. This corresponds well with the bias
curve insertion impedance of 0.0125Ω at 145kAT presented in Figure 6.12.

Figure 6.20: Prefault voltage waveform comparison of measured and FEA predicted
tapered core, single DC coil, Configuration 5 of the Figure 6.11 arrangements
The measured voltage waveform presented in Figure 6.20 appears chopped. This is
thought to be due to measurement range on the instrumentation being set to accurately
record the back emf generation on occurance of a fault, which is of the order of 1.5kV
peaks. At this measurement range, measurement precision to low voltage changes is
significantly reduced.
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Figure 6.21: Post-fault voltage waveform comparison of measured and FEA predicted
tapered core, single DC coil, Configuration 5 of the Figure 6.11 arrangements.
Figure 6.21 shows excellent agreement between measured and predicted back emf
generation across the single DC coil tapered core Configuration 5 of the Figure 6.11
arrangements. Comparison with voltage peaks generated for the straight core and
Helmholtz tapered core arrangements lead to an expectation of equivalent fault limiting
performance with the single DC coil arrangement.
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Figure 6.22: Post-fault current waveform comparison of measured and FEA predicted
tapered core, single DC coil, Configuration 5 of the Figure 6.11 arrangements
The current waveforms presented in Figure 6.22 show that the Configuration 5 tapered
core scFCL generates identical transient current waveforms and current limiting
performance at a prospective fault current of 15kARMS, on application of 145kAT of DC
bias as the straight core scFCL biased at 250kAT. In both cases, fault current was
reduced from 15kARMS to 7.8kARMS. The pre-fault scFCL voltage drop was 4.7VRMS in
the case of the straight core FCL, and 8VRMS in the single DC coil tapered core case.
However, the tapered core arrangement had reduced cost and weight components, along
with reduced DC bias requirement and componentry.
Although the single DC coil arrangement results in a higher insertion impedance for a
given fault limiting performance, it is presented here as a viable scFCL solution with
lower DC biasing costs and complexities. Furthermore, the single DC bias coil scFCL,
particularly the core geometry, used in this study was configured to be optimal for the
Furthermore, the single DC bias coil scFCL used in this study was configured to be
optimal (particularly in terms of core geometry) for the Tapered core Helmholtz DC
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biasing investigation and was then retrospectively modified to act as a proof of concept
feasibility for a single DC coil biased device. Further optimisation would improve the
performance of the single DC coil biased scFCL versus that of the Helmholtz biased
tapered core.

6.6

Conclusions and discussion

In Chapter 5 of this thesis, the untapered 2x1 D-core configuration was shown to be
suitable as a HTS scFCL configuration. Various facets of the 2x1 scFCL configuration
were investigated; numerous prototypes were modelled, designed, built and tested as
part of this research. The largest prototype was successfully tested at the 1.5kVLL level
at the Lane Cove test laboratory at fault currents up to 15kARMS. This fault current was
reduced from 15kARMS to 7.8kARMS, at a pre-fault scFCL voltage drop of 4.7VRMS (for a
260A load current). FEA models developed accurately predicted the fault limiting
performance and other performance characteristics of the 2x1 scFCL. In this Chapter,
further development of the 2x1 scFCL has been presented, in the form of various
tapered and flared core scFCL configurations that provide equivalent fault limiting and
insertion impedance performance at reduced DC bias requirement and complexity,
along with reduced overall FCL cost and weight. Research into various arrangements of
tapered core is presented with 1.5kV level prototypes researched and designed using
analytical and FEA methodologies. They were subsequently built and fault tested,
following the procedures established in developing the standard core FCLs, and found
to offer operational and cost advantage over the standard core.
The 2x1 tapered core configuration was found to be inherently magnetically balanced,
eliminating the issues around high induced voltages on the DC coil in a similar fashion
to the standard core 2x1 configuration, and hence would be suitable for scaling to
commercial high voltage levels. The obtainable advantage in reduction of dI/dt at the
current zero crossing, presented on the standard core research in this thesis is also
applicable to the tapered core configurations.
Continuous tapering of the core, reducing its area at a constant rate from core center to
its ends was found to give limited advantage in terms of reducing DC bias requirement.
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In both the case of Helmholtz and single DC coil biasing, the most efficient in terms of
biasing and effective in terms of fault current limiting was found to be a core which
tapered towards the ends of the AC coil and subsequently flared out. The flare, of larger
cross sectional area and held at high permeability, as a result, was found to act as a
preferential exit point for biasing flux, forming a lower reluctance return path than
leakage from the core from the region enclosed be the AC coils. Consequently,
saturation could be maintained in the core material in regions remote from the source of
the biasing field. Addition of a yoke was found to accentuate this effect to such an
extent that a single, centered DC bias coil could be employed in biasing an scFCL, with
equivalent functional performance to that of the straight core 2x1 presented in Chapter 5
of this thesis. A single DC coil biased straight core would result in an unviable scFCL.
Given the cost of HTS tape and cryogenic systems, the potential cost savings in scaling
such a device to high voltage levels is significant.
The tapered core 2x1 configuration has been shown to be more electromagnetically
efficient than the standard 2x1 configuration. It has been shown that for equivalent
levels of fault limiting, core height could be reduced by 22%, and AC coil height
reduced by 21%. DC bias requirement for equivalent performance was found to 25-30%
lower than for the standard 2x1. The gains accruable in reducing the requirement for
one DC coil and associated infrastructure would provide significant advantage at
commercially scaled levels. The core tapering and flaring has the effect of more
efficiently toggling the core material on occurrence of a fault, providing equivalent
levels of fault limiting with reduced steel and volume and reduced number of AC turns.
Table 6.7: presents a summary of the 2x1 advanced open core sFCL performance.
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Fault limiting performance
Low operating impedance
Self-triggered, fail-safe
activation
Multiple consecutive faults
Cost, size and weight
Maintenance duty
Reliability

High at moderate fault levels. A reduced DC bias, an optimised
core shape, and a high number of AC turns means that at a
moderate fault current the cores are toggled efficiently.
A lower DC bias and optimised core shape facilitates a low AC
turn to core area ratio, which provides low operating impedance.
Yes.
Yes.
Cost is reduced as configuration facilitates lower bias. Size and
weight are reduced as operation is relatively more effective.
Maintenance duty is low. AC components are akin to a power
transformer. DC magnets require annual PM.
Once TRL 9 has been demonstrated, reliability will be high.

Table 6.7: Performance summary for advanced 2x1 open core sFCL.
The research outcomes from this Chapter, allow the costs and complexities of the HTS
sFCL to be further reduced by:
•

establishing that the 2x1 tapered core scFCL configuration is inherently safe and
suitable for operation with HTS coils without complex and expensive protection
circuits;

•

establishing that the NAC.ACORE requirement in a 2x1 tapered and flared core
arrangement can be reduced through optimised design leading to increased
operational efficiency, and accordingly, reductions in bias requirement and
weight, height and size of the cores required.

•

obtaining further DC bias requirement reductions through establishing and
optimisation of tapered and flared core arrangement.

•

employment of a single DC bias coil, eliminating all the cryogenics
infrastructure of one DC coil when compared with the Helmholtz DC bias
regimes.

•

in summary: Tapered core height and weight reduction of 25%; AC coil copper
requirement reduction of 15%; DC bias requirement reduction of up to 40%;
elimination of one DC coil and associated infrastructure system.
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7. Conclusions and
Recommendations
7.1

Summary of Conclusions

The ideal FCL for an electrical Utility is one offering low steady state impedance that
can rapidly switch to high fault controlling impedance, with failsafe operation on
occurrence of a current surge. Inductive scFCLs are based on magnetically saturated
core technology, which offers such characteristics. The FCL uses the change in core
permeability between the saturated and unsaturated states to provide high impedance
during a fault current event – effectively limiting the fault current. Utility acceptance of
FCLs is dependent on satisfying the general reliability, robustness and maintenance
standards for equipment incorporation in transmission and distribution networks, along
with provision of reliable fault current limiting capability. The high DC H-field bias
required to saturate the iron cores sufficiently to maintain an scFCL at low steady state
impedance can lead to thermal, electrical and mechanical design complexities that
largely contribute to the industry acceptance challenges outlined above. These
challenges were addressed in this thesis through investigation of methodologies
undertaken to reduce scFCL DC bias requirement, whilst optimising the fault current
limiting capability of the technology.
A survey of the state of the art for various FCL technologies and their application to
industry was undertaken and presented in Chapter 2. Detailed analysis on the function
of saturated core superconducting FCLs was also presented in both Chapter 2, for
closed core configurations and the following Chapters for open core configurations.
The research undertaken focused on optimisation of compact open core sFCL core
geometries and configurations, the required DC bias coil combination (including the
number of coils required), the optimal bias point, and the DC coil positioning relative to
the iron core and AC coil configuration of an open core FCL.
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In undertaking this analysis, as outlined in Chapter 3, fundamental electromagnetic
mathematical theory and electromagnetic FEM software was applied to investigate and
develop new open core scFCL core designs. As a result, scFCL design and operational
parameters and performance characteristics were defined and optimised. Definitions of
mathematical and FEM models, core geometries, and the electrical and electromagnetic
parameters significant to FCL design and optimisation were defined and their
application optimised.
In this research, optimisation of the open core scFCL designs was extensively
investigated. The Closed Core scFCL developed by Zenergy Power [46] was essentially
the baseline against which the Open Core technology was to be progressed from. The
Open Core FCL [51], by its very nature, already allows for elimination of most of the
steel used in a Closed Core FCL. The remaining challenge was to reduce the cost and
complexity of the superconducting system required. The approach taken to achieve this
goal was through examination of methodologies that allow manipulation of core
configuration, geometry and magnetic circuitry for optimum sFCL biasing and
performance.
Open Core scFCL configurations were investigated, characterised and optimised; with
prototypes designed, simulated, built and tested. In particular, this work focused on
optimisation of the required DC bias coil(s), including the number of coils required, the
optimal bias point and the DC coil positioning relative to the iron core and AC coil
configuration of an Open Core scFCL. Reduction in the DC bias requirements of HTS
FCLs leads to significant cost savings, along with reduced design complexity and
operational benefits. In undertaking this analysis FEM software was used to investigate
the various Open Core scFCL design parameters and performance characteristics.
Definition of the scFCL model, geometry, and the electrical and electromagnetic
parameters significant to FCL design and optimisation, from the perspective of required
DC bias and fault limiting performance, was presented in Chapter 3. Laboratory
prototyping and test results were also presented throughout this thesis for each
configuration investigated, which validated the FEM models and assisted in establishing
the design principles for saturated Open Core scFCLs with reduced DC bias
requirement and optimal operational effectiveness.
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Mathematical and FE Modelling
Two methods of mathematical modelling of scFCL behaviour were developed in this
body of work and described in Chapter 3. Mathematical modelling based largely on the
electromagnetic approximations, for sinusiondal electrical inputs, used in power
transformer development were adapted and applied to the scFCL. Electromagnetic FEA
and coupled-circuit modelling tools were also developed to investigate and characterise
the scFCL technology. The FEA modelling was based on solution of Maxwell's
Equations, applied to the scFCL physics. Sophisticated understanding of the scFCL AC
and DC behaviour was gained, allowing numerous innovations to be leveraged and
implemented in experimentation.
An scFCL prototype testing methodology was also developed and employed, as detailed
in Chapter 3. Innovations based on application of electromagnetic theory to new scFCL
concepts, initially progressed through empirical and FEA modelling, were tested on
prototype devices in the UoW scFCL test centre. Further testing was undertaken at the
Ausgrid Lane Cove High Power Test Laboratory.
Open core sFCL
As described in Section 4.1, the open core scFCL offers numerous advantages over the
standard closed core scFCL at little additional expense in terms of DC bias system
requirement, or complexity. The main open core scFCL advantages are that AC and DC
systems can be more easily electrically, thermally and physically decoupled from each
other. In the open core configurations, both the AC system and DC system can exist in
self-contained vessels - offering ease of modular manufacture and transport, along with
reduced cost, mass and complexity. The focus of the research undertaken in this body of
work was on establishing the operating characteristics of Open Core FCLs (so that they
could be functionally designed), along with the development of new configurations of
Open Core scFCL that offer significant advantages over the standard Closed Core
configuration. The 1x2 configuration was one such new FCL configuration investigated
and presented in Chapter 4.
The 1x2 configuration was of particular interest in application to the higher voltage
levels as it allows more transformer steel to be included within a given HTS magnet
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warm bore diameter, and thus facilitates the levels of back-emf generation required to
limit faults at high voltage. The requirement for scFCLs to have low insertion
impedance suggests that the chosen ACORE be as large as possible, and NAC kept as low
as possible, which is more amenable to the 1x2 setup. Another advantage of the 1x2
configuration is that the core and AC coils can be made round in shape. This is desirable
in terms of HV electrostatic design. HV transformer cores and coils are also made round
in shape, since a round shape reduces the buildup of dielectric stresses and mitigates the
risks of point charges building up on sharper shape edges. This in turn, along with
facilitating ease of manufacture, allows lower dielectric clearances to be employed,
further improving fill factor efficiency.
Fundamental understanding of the behavior of the scFCL in a 1x2 configuration was
developed in this body of work and described in Section 4.4 and 4.5. Initially, the
expected response of the device was not borne out by experimental measurement. Upon
investigation, improved understanding was developed. The modelling approach was
advanced and experimental setup was reconfigured, as discussed in Section 4.5, to allow
fault testing measurements to capture the full behavior of the 1x2 scFCL, validating the
FEA modelling, the theoretical understanding and the design approach required for a
1x2 scFCL.
Significant disadvantages of the 1x2 scFCL were also discovered. The transformer
coupling seen between the AC and DC systems proved to be the source of catastrophic
failures during testing, despite mitigations having been in place. Whilst methods were
successfully employed to remedy the DC coil and circuit failure mechanisms observed,
problems still exist in scaling this technology to a high voltage HTS scFCL.
Magnetically balancing the DC coils appreciably improves the fault limiting
performance of the sFCL and eliminates the current surges that caused the DC power
supply diodes to fail. This balancing also reduces the need for purpose built active
protection systems, like additional electronic circuitry for diode protection. However, as
presented in Section 4.5, there still remained high single coil induced voltages that
would potentially cause insulation breakdown and arcing damage to a HTS magnet coil,
particularly as the Paschen dielectric strength at typical cryogenic's vacuum is far lower
than at atmospheric pressure.

208

Utilization of passive shielding to protect the DC coil from high induced voltages in a
1x2 configuration was also investigated and presented in Section 4.6. Inclusion of the
shield itself detrimentally affects scFCL current limiting performance.
Lower DC bias requirement reduces HTS magnet manufacturing complexity and cost,
along with lowering operating losses. The FEA modelling undertaken predicted that
insertion of a high relative permeability material in the air gap between both 1x2 cores
would allow advantageous reconfiguration of DC coil positioning, as shown in Section
4.4. Testing subsequently confirmed that Configurations 4 and 5 provided most
opportunity to reduce DC bias requirement whilst maintaining fault limiting
performance. As Configuration 4 only requires two DC coils in total, only two cryostats
need be built per phase, allowing cost and operational complexity reduction. Due to the
issues that presented with DC power coil and power supply failures, Configuration 4
was not successfully tested. However, FEA simulation provided excellent agreement
with the measured results in all facets of performance – similar simulations on
Configuration 4 confirmed that it provides equivalent fault limiting performance at
lower DC bias requirement.
Magnetically balanced Open Core scFCLs
The 2x1 D-core configuration has been shown to be suitable as a HTS sFCL
configuration. As presented through Chapters 5 and 6, the 2x1 configuration was found
to be inherently magnetically balanced and eliminated the issues around high induced
voltages on the DC coil and DC circuit currents, which render the 1x2 configuration
unsuitable for use as a commercial HTS scFCL. The core and coil arrangement are such
that both magnetic cancellation between the two cores and positioning of the DC coils
towards the outer ends of the AC coils in the Helmholtz type configuration (where less
flux change occurs), prevent high voltages from developing on the DC coils. Various
facets of the 2x1 scFCL configuration were investigated, with numerous prototypes
modelled, designed, built and tested as part of this investigation. The largest prototype,
work on which was presented in Chapter 5 for straight cores, was successfully tested at
the Lane Cove high power test station at 1.5kVLL and fault currents up to 15kARMS. As
presented in Section 5.4, the fault current was limited by the FCL from 15kARMS to
7.8kARMS, with a pre-fault scFCL voltage drop of 4.7VRMS at a pre-fault load current of
260ARMS. An air core reactor of equivalent voltage drop provides less than one third of
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the fault limitation. The FEA modelling undertaken accurately predicted the fault
limiting performance and other performance characteristics of the 2x1 scFCL.
Electrostatically, the 2x1 D-core scFCL configuration is not as attractive as the 1x2
configuration. However, the configuration is essentially technology enabling, given the
damaging induced voltage effects that are present in the 1x2 arrangements. Further, the
electrostatic design issues can be resolved using standard transformer technologies.
Typically, in the device tested and presented in Section 5.4, induced total DC coil
voltage peaks of 40V are expected for a device similar to that tested at 1.5kVLL and
15kARMS fault level. These voltage peaks are far lower than those seen for the 1x2
configurations presented in Section 4.5 and are low enough to eliminate concerns
around induced voltages damaging the HTS magnets of a commercial device.
The 2x1 open core configuration presented in Chapter 5 was shown to be more
electromagnetically efficient than the 1x2 configuration. For equivalent levels of fault
limiting, only 60% of the NAC.ACORE combination needs be employed in the 2x1 when
compared with the 1x2. This increased efficiency comes from improved
demagnetisation factors when the AC coils and cores are taller and thinner, leading to
increased flux density change within the cores and accordingly, maximally efficient use
of the available material during a fault. This level of reduction holistically feeds into the
scFCL design, providing practical commercial benefits such as reductions in size,
weight, transport and install complexity, and operating and maintenance costs.
An examination of effective biasing of the 2x1 configuration was undertaken and
presented in Section 5.4. It was found that the 2x1 biases as efficiently with a
Helmhotz-type arrangement as the 1x2 device. In terms of fault limiting performance,
given the lower NAC.ACORE required, a 2x1 configuration offers a lower bias
requirement than the 1x2 scFCL. Investigation of specific 2x1 biasing regimes showed
that the Helmholtz type DC coil arrangement offers bias requirement reductions of over
30% compared to a single DC coil arrangement. The Helmholtz type arrangement also
lends to more easily manufactured and economically operated HTS magnets, since DC
coil height can be kept low.
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Passive shielding effects on the 2x1 configuration were also investigated and are
presented in Section 5.5. It was demonstrated that performance advantages could be
achieved through manipulation of passive shield (or tank) materials and wall
thicknesses. The main advantage is that of di/dt reduction at the current zero crossing,
which can be quite high on a standard scFCL without any shielding. A passive shield
was found to shift the core flux in both cores at the current zero crossing,
instantaneously increasing scFCL impedance and reducing the di/dt at that point. This
effect was measured and predicted accurately, establishing a valuable performance
characteristic that can be designed into commercial scFCLs – hence, increasing their
operational attractiveness.
Tapered core sFCLs
In Chapter 6, further development of the 2x1 scFCL was presented. Various tapered and
flared core scFCL configurations were developed that provide equivalent fault limiting
and insertion impedance performance to that of the standard 2x1 cores, but at reduced
DC bias requirement and complexity, along with reduced overall FCL cost and weight.
Research into various arrangements of tapered core was presented. Section 6.4 describes
the 1.5kV level prototypes that were researched and designed using analytical and FEA
methodologies. The tapered core design was subsequently optimised, built and fault
tested, following the procedures established in developing the standard core FCLs, and
found to offer operational and cost advantage over the standard core.
The 2x1 tapered core configuration was found to be inherently magnetically balanced
and to eliminate the issues around high induced voltages on the DC coil, behaving in a
similar fashion to the standard core 2x1 configuration, and hence would be suitable for
scaling to commercial high voltage levels. As discussed in Section 6.5, the main
advantage in passive shielding to reduce dI/dt at the current zero crossing, presented on
the standard core in Section 5.5 was also found to be applicable to the tapered core
configurations.
As shown in Section 6.4, continuous tapering of the core, reducing its area at a constant
rate from core center to its ends was found to give limited advantage in terms of
reducing DC bias requirement. In both the case of Helmholtz and single DC coil
biasing, the most efficient in terms of biasing and effective in terms of fault current
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limiting was found to be a core which tapered towards the ends of the AC coil and
subsequently flared out. The flare, of larger cross sectional area and held at high
permeability, as a result, was found to act as a preferential exit point for biasing flux,
forming a lower reluctance return path than leakage from the core from the region
enclosed be the AC coils. Consequently, saturation could be maintained in the core
material in regions remote from the source of the biasing field. Addition of a yoke was
found to accentuate this effect to such an extent that a single, centered DC bias coil
could be employed in biasing an scFCL, with equivalent functional performance to that
of the straight core 2x1 presented in Chapter 5. In comparison, a single DC coil biased
straight core would result in a large bias requirement and poor fault limitation,
essentially forming an unviable FCL. Given the cost of HTS tape and cryogenic
systems, the potential cost savings in scaling such a device to high voltage levels is
significant.
The tapered core 2x1 configuration was shown to be more electromagnetically efficient
than the standard 2x1 configuration. As presented in Section 6.5, for equivalent levels
of fault limiting, core height could be reduced by 22%, and AC coil height reduced by
21%. DC bias requirement for equivalent performance was found to 25-30% lower than
for the standard 2x1. The gains accruable in reducing the requirement for one DC coil
and associated infrastructure would provide significant advantage at commercially
scaled levels. The core tapering and flaring has the effect of more efficiently toggling
the core material on occurrence of a fault, providing equivalent levels of fault limiting
with reduced steel and volume and reduced number of AC turns.
Summary of Contributions:
The primary research outcomes from Chapter 3 on mathematical modelling are:
•

established accurate mathematical modelling approaches of scFCL behaviour.

•

developed electromagnetic FEA and coupled-circuit modelling tools that
facilitated in-depth investigation and characterisation the scFCL technology,
allowing numerous innovations to be leveraged and implemented in
experimentation.
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An scFCL prototype testing methodology was also developed and employed on
prototype devices in the UoW sFCL test centre. Further testing was undertaken at the
Ausgrid Lane Cover High Power Test Laboratory.
The primary research outcomes from Chapter 4 on the 1x2 configuration are:
•

established that a transient AC to DC coupled modelling approach was
necessary to predict the DC bias requirement of the 1x2 configuration.

•

that a high permeability insert allows for a significant reduction in bias
requirement and allows the single phase device to be biased with two DC coils.

•

that transformer coupling between AC and DC coils makes this configuration
unsuitable for the superconducting bias system as even when the DC coils are
electrically balanced and protected, magnetic coupling locally on each coil
would cause damage to result on a superconducting coil.

•

that passive shielding protects the DC coil but to the detriment on the fault
limiting performance of the device.

•

that the 1x2 configuration is not a viable option for a commercial scFCL.

The primary research outcomes from this Chapter 5 based on the untapered 2x1 scFCL,
provide significant contributions to the scFCL discipline and future development of this
technology, through:
•

establishing that the 2x1 scFCL configuration is inherently safe and suitable for
operation with HTS coils without complex and expensive protection circuits;

•

establishing that the NAC.ACORE requirement in a 2x1 arrangement can be
reduced through optimised design, leading to increased operational efficiency
and, accordingly, reductions in bias requirement, weight and size of the cores
required.

•

demonstrating that further DC bias requirement reductions can be achieved
through optimisation of the Helmholtz type DC bias arrangement. The
Helmholtz setup can also accommodate shorter DC coil heights and lead to
further cryostat and HTS system manufacturing and operational savings.

•

establishing operational benefits that can be achieved through designing passive
shielding effects into the scFCL performance, which result in reduction of the
di/dt at current zero crossings.
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The research outcomes from Chapter 6 on tapered 2x1 scFCLs, allow the costs and
complexities of the HTS scFCL to be further reduced by:
•

establishing that the 2x1 tapered core scFCL configuration is inherently safe and
suitable for operation with HTS coils without complex and expensive protection
circuits;

•

establishing that the NAC.ACORE requirement in a 2x1 tapered and flared core
arrangement can be reduced through optimised design leading to increased
operational efficiency, and accordingly, reductions in bias requirement and
weight, height and size of the cores required.

•

obtaining further DC bias requirement reductions through establishing and
optimisation of tapered and flared core arrangement.

•

employment of a single DC bias coil, eliminating all the cryogenics
infrastructure of one DC coil when compared with the Helmholtz DC bias
regimes.

•

in summary: Tapered core height and weight reduction of 25%; AC coil copper
requirement reduction of 15%; DC bias requirement reduction of up to 40%;
elimination of one DC coil and associated infrastructure system.

7.2

Discussion and future work
The research presented in this thesis developed fundamental understanding of
the operating principles of various scFCLs. The compact open core scFCL
configurations focussed on were developed from concept through to prototype,
designing, building and testing to characterise them, forming the fundamental
knowledge base on which higher voltage level scFCLs could be commercialised.
Innovations progressed used this understanding to optimise the scFCL
performance through manipulation of magnetic and coupled electrical circuitry
and establish significantly improved FCL product configurations. The
experimental setups employed used copper based DC bias coils that were
energised for a short time period sufficient to facilitate capture of the scFCL
behaviour in a fault scenario. The nature of the high bias fields required to
saturate the scFCL cores at distribution and transmission voltage levels is such
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that use of copper DC bias coils would result in significant direct resistive losses
and be commercially unviable. This is the driving factor behind the use of
superconducting bias coils in saturated core scFCLs. Superconducting bias coils
are complex, delicate and expensive. Globally, electrical utilities have been slow
to adopt superconductor-based technologies and accommodate cryogenic
systems in industrial settings and harsh environments that often exist in
substations. The research undertaken in this thesis was based around
development of FCL topologies that utilise superconducting magnets for full
scale industrial devices. Numerous innovations that reduce DC bias requirement,
optimise DC coil configuration, reduce size and weight of copper and steel and
improve fault limiting performance have been presented. The advancements
made allow for simplification of the superconducting bias system, improvements
in its robustness and reduction in its cost and the complexity of auxiliary
equipment supporting the cryogenic systems.
The open core scFCL in any form is not a viable technology without a
superconducting DC bias system. The high reluctance of the air magnetic return
path will always necessitate a high H-field source to achieve a level of magnetic
saturation in the core steel. Addition of a high permeability return path, in place
of the air return path of the open core scFCL configurations developed in this
work, would cause a dramatic reduction in bias magnet H-field requirement and
would potentially enable the superconducting bias magnet to be replaced with a
copper bias magnet and associated cooling system incorporated in the scFCL
tank along with that of the AC coils. This advancement would constitute a stepchange in the scFCL technology area and directly address the inhibiting element
of market reluctance to incorporate superconducting and cryogenic systems in
distribution and transmission electrical systems. This concept was proposed as
presented in the ASL patent by Hodge & Darmann included in Appendix E and
preliminary research has been undertaken by the scFCL research group in UoW.
Further work on this type of low reluctance saturated core scFCL could be
undertaken to:
•

develop techniques to minimise transformer coupling between the AC
and DC systems;
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•

develop robust, failsafe DC power supply systems;

•

incorporate tank structures in the magnetic circuit;

•

study the inclusion of permanent magnets as the primary or auxiliary bias
source;

•

study the effect of core topology changes, and

•

investigate employment of cheaper core materials.
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Appendix

A

Glossary
This appendix contains a list of symbols that were used throughout the text.
CLR

Current Limiting series Reactors

FCL

Fault Current Limiter

sFCL

Superconducting Fault Current Limiter

AC

Alternating Current

DC

Direct Current

FEM

Finite Element Method

FEA

Finite Element Analysis

TRV

Transient Recovery Voltage

HTS

High Temperature Superconductor

LTS

Low Temperature Superconductor

IGCT

Integrated Gate-Commutated Thyristor

ETO

Emitter turn off thyristor

IGBT

Insulated-gate bipolar transistor

SCFCL

Saturated Core FCL

eFCL

Electronic fault current limiter

Epri

Electric Power Research Institute

SGTO

Super Gate Turn-off Thyristor

ssFCL

solid state FCL

SCR

Semi-Conductor Rectifier

ASL

Applied Superconductor Limited

BSCCO

Bismuth strontium calcium copper oxide

YBCO

Yttrium barium copper oxide

MgB2

Magnesium di-boride

S-N

Superconducting to normal transition

AMSC

American Superconductor Ltd.

AMAT

Applied Materials Ltd.

W

Watts
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VA

Apparent Power in Volt-Amperes

HV

High Voltage

V

Voltage

A

Amperes

k

kila (103)

M

mega (106)

RMS

Root mean squared

C

Capacitance [Farads]

B

Magnetic Flux Density [Tesla]

H

Magnetising Field {Ampere/metre]

J

Current density [Ampere/m2]

L

Inductance [Henry]

ω

power angular frequency [rad/s]

Lσ

leakage inductance [H]

Rσ

winding resistance [Ohm]

Ic

Critical current [A]

Tc

Critical temperature [K]

NDC

number of electromagnetic turns in the DC bias coil

Ibias

current through the DC bias coil [A]

NAC

number of electromagnetic turns in the AC coil

Iload

AC load current [A]

α

core biasing factor

LAC

AC coil inductance [H]

AAC

AC coil enclosed area [m2]

HAC

AC coil height [m]

µ0

Permeability of free space [1.25663706 × 10-6 m kg s-2 A-2]

µr

Relative permeability

M

Mutual inductance [H]

LP

primary self-inductances [H]

LS

secondary self-inductance [H]

σ

transformer leakage factor

∇

vector curl

E

Electric field [V/m]
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D

Displacement field [C/m3]

ρU

Electric charge per unit volume[C/m3]

M

Magnetisation vector [A/m]

P

Polarization vector [C/m3]

Є0

Permittivity of free space [F/m]

Єr

Relative permittivity

σ

electrical conductivity (σ [S/m])

Dr

Remnant displacement field [C/m3]

K

Surface current density [A/m2]

ρs

Surface charge [C/m2]

n

Unit normal vector to a boundary

φ

Scalar potential

φ

Magnetic flux linkage

AX

X component of magnetic vector potential

AY

Y component of magnetic vector potential

AZ

Z component of magnetic vector potential

iX

unit vector for the AC coil geometry in the x-direction

iy

unit vector for the AC coil geometry in the y-direction

iZ

unit vector for the AC coil geometry in the z-direction

AC_coilCSA

cross-sectional area of AC coil

Wm

volume integral of magnetic energy density

IAC

AC circuit current [A]

LAC

AC circuit source inductance[H]

t

time [s]

RAC

AC circuit source resistance [Ohm]

RLOAD

AC circuit load resistance [Ohm]

ACORE

cross-sectional area of FCL core steel

XFCL

FCL impedance [Ohm]

f

frequency [Hertz]

emfFE

back-emf contribution from core steel

emfair_core

back-emf contribution from coil air csa

VFCL

Voltage across FCL terminals

β

core de-bias factor

224

Ishield

transport current in FCL shield

Lshield

Shield inductance [H]

Hcoil

Coil height [m]
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Appendix

B

Lane Cove High Power Test Facility
Contents
• Summary.
• Pictures of site, load banks, source reactor banks, test cell.
• Numerical data on capabilities.
Summary capabilities:
Located 10km (6 mi) from Sydney central business district on Sydney’s North shore.
Basic fault and power capabilities:
• 24 kV / 1200A loading for 30 seconds.
• 500 MVA fault test for 10 cycles (any voltage between 11 and 24 kV)
• 300 MVA fault test for 50 cycles
• Point on wave closing
• 150 kA low voltage fault testing
• 10 kA continuous heat run tests at up to 24 Volts
• Up to 150 kA fault current test at low voltage using separate low voltage transformers
Basic arrangement:
• Very similar to Powertech in terms of test voltage distribution and setup
• Grid fed off a 132 kV line
• Three single phase transformers just like at Powertech are connected in delta or star
with
taps – this is the mechanism by which various voltages are achieved
• Maximum test voltage (standard arrangement) = 25 kV
• Source side resistances and reactance’s available to alter fault level
• Load side resistances and reactance’s to vary steady state load current
• Driveway width = 5.8 m.
• Street gate width = 5.6 m.
• Gate entrance = 4.9m x unlimited height
• Mass of the heaviest unit tested = 15 tonne oil filled transformer.
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Single line diagram of Lane Cove test site

Test cell site. FCL can also be accommodated outside. Note fire quenching service on
roof which can be used for oil filled items inside the test cell or outside the test cell.

227

Test cell front area.

228

Three single phase 132 kV: 24 kV / 1200A transformers with various taps produce the
cell test voltage.

229

Part of source side reactor switch room. Fault current level is tuned here. It is a manual
operation but no tools are required to switch bus links. It takes about 5 minutes to
change the source side reactors (or any source / load side components).

230

Part of load side reactor switch room. Quick disconnect links between reactors are
employed to rapidly change load current.

24 kV Source side resistor room.

231

24 kV making contactor room – high pressure air insulated contactor.

232

132 kV incoming line from grid that feeds Sydney metropolitan centre.

Separate 150 kA fault current transformers (low voltage / high fault current).

233

Single phase 132kV: 24 kV transformers are switched in Delta or Star here. Between
this option and the taps on each transformer a test voltage of between 7.2 kV and 24kV
can be achieved.
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Appendix

C

Sample Open Core FCL Design Calculations
1

Electrical Requirements from Customer
Urban B Operating Characteristics of SFCL; 25kA Primary Switchboard
Rated Voltage

12kV

Lightning impulse voltage withstand level

75kV/1.2/50µs

Power frequency voltage withstand level

28kV for 1 minute

Maximum normal current (10 seconds)

2500A

Continuous normal current

1250A

Peak Limited Current

<25kA

Symmetrical Limited Current

<10kA

Fault let-through time

>120mS

Prospective unlimited peak fault-current

33.75kA

Prospective unlimited symmetrical fault-current

13.5kA

Recovery time

<1 minute

Furthermore:
The working voltage, i.e. normal voltage, for the device will be 11 kV, even though it is
rated for 12 kV, and the working current will be 1250 amps, even though it must be
rated for 2500 amps short-term overload.
The nominal steady-state conditions can be based on the 11 kV and 1250 amps ratingsthe higher voltages and currents are considered to be upset conditions, and we do not
have to design the steady-state characteristics around those higher values.
The potential utility customer is specifying that we LIMIT BOTH the peak fault
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current and the symmetrical fault current, i.e. the first peak must be as effectively
limited as the cycle-peaks that follow.
2

Minimum Electrical Parameters to begin design
VLTL

Line to Line Voltage

11kV

Phi

Number of phases

3

f

Line frequency

50 Hz

I ss

Steady State Current

1250A

I FCL peak

Peak Limited Current

<25kA

I FCL symm

Symmetrical Limited Current

<10kA

I Fault peak

Prospective unlimited peak fault-current

33.75kA

I Fault symm

Prospective unlimited symmetrical fault-current

13.5kA

VDss max

Maximum Voltage Drop at Steady State

1%

3

Compute fault parameters
Find Line-to-Ground Voltage:

VLTG =

VLTL
3

=

11000
3

= 6351V

(1)

Compute Asymmetry Factor:

K=

I Fault peak
I Fault symm 2

=

33.75
13.5 2

= 1.77

(2)

Compute Source Impedance

ZS =

VLTG
6,351
=
= 0.47 W
I Fault symm 13,500

(3)

Find Source X/R ratio:
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R
-p S ù
é
XS
K = ê1 + e
ú
êë
úû
XS
p
p
=
=
= 11.9
RS
é 1 ù
é
ù
1
ln ê
ú ln ê (1.77 - 1) ú
ë (K - 1) û
ë
û

(4)

Resistive and Inductive Source Impedance:
2

2

X S + RS = Z S
RS =

2

ZS

=

0.47

= 0.039 W
1 + 11.9 2
æ XS ö
÷÷
1 + çç
è RS ø
X
X S = RS S = 0.039 * 11.9 = 0.469 W
RS
2

(5)
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Summary Table:
Line to Line Voltage
Line Frequency
Prospective Peak Fault
Clipped Peak Fault
Prospective Symmetric Fault RMS
Clipped Symmetric Fault RMS
Line to ground voltage
Asymmetry Factor
Source Fault Impedance
X/R Source Impedance
Rs Source Impedance
Xs Source Impedance

4

11
50
33.75
25
13.5
10
6.351
1.77
0.470
11.9
0.039
0.469

kV
Hz
kA
kA
kA
kA
kV
Ohms
Ohms
Ohms

Compute Clipping parameters and FCL fault impedance:
Compute percent clipping of Symmetric fault:

xClip =

( I fault symm - I FCL symm)
I fault symm

x100 =

(13.5 - 10)
x100 = 26%
13.5

(6)

Compute percent clipping of Peak fault:

Clipping =

( I fault peak - I FCL peak )
I fault peak

x100 =

(33.75 - 25)
x100 = 26%
33.75

(7)

Compute Total Fault Impedance (with FCL):

ZTotal fault =

VLTG
6.351
=
= 0.635 W
I FCL symm
10

(8)

Compute FCL fault Impedance:

Z FCL fault = ZTotal fault - Z S = 0.635 - 0.47 = 0.165 W

(9)

Summary Table:
Clipping symmetry - percent
Clipping peak - percent
Total Fault Impedance (with FCL)
FCL Fault Impedance

26%
26%
0.635
0.165
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5

Calculate Number of AC Turns and Core AC cross section
This calculation is based on Farady’s Law and assumes that a sinusoidal emf voltage is
induced on each AC coil in one quarter cycle. The induced emf is equal to the variation
of linked flux in the AC coil, or:

emf = -nAC

dF
dt

(10)

Where n AC is the number of turns in each AC coil.
For the FCL to clip the desired amount the peak emf must be:
emf peak =

xclip
100

2VLTG =

26
2 6,351 = 2329 Volts
100

(11)

Assuming the emf is sinusoidal, we can calculate the maximum Volts-seconds
necessary to de-saturate the cores:
t=

Volts sec =

T
4

òVFCL dt =

t =0

=

emf peak
2pf

=

q=

p
2

1

òV cos(wt )dq = w emf
q

peak

=

=0

(12)

2329 23.29
=
= 7.4 V sec
100p
p

Assuming the maximum emf is induced by fully de-saturating the magnetic cores, from
2Tesla to -2Tesla, and assuming that most of the flux changes in the steel core cross
section, then using equation (10) we can calculate the AC core cross section time the
number of AC turns:

Volts - sec onds = n AC ò dF = n AC AAC
n AC AAC

B = -2T

ò dB = 4n

AC

AAC

B = 2T

Volts - sec 7.4
=
=
= 1.85 Turns * m2
4
4

The following Nac*Aac combinations are possible:
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(13)

Nac

Aac
m2

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

0.1853
0.1685
0.1544
0.1425
0.1324
0.1235
0.1158
0.1090
0.1029
0.0975
0.0926
0.0882
0.0842
0.0806
0.0772
0.0741
0.0713
0.0686
0.0662
0.0639
0.0618
0.0598
0.0579
0.0562
0.0545
0.0529
0.0515
0.0501
0.0488
0.0475
0.0463
0.0452
0.0441
0.0431
0.0421
0.0412
0.0403
0.0394
0.0386
0.0378
0.0371

Aac Aac DIA_ac DIA_ac
cm2 in2
m
in
1853
1685
1544
1425
1324
1235
1158
1090
1029
975
926
882
842
806
772
741
713
686
662
639
618
598
579
562
545
529
515
501
488
475
463
452
441
431
421
412
403
394
386
378
371

287
261
239
221
205
191
180
169
160
151
144
137
131
125
120
115
110
106
103
99
96
93
90
87
84
82
80
78
76
74
72
70
68
67
65
64
62
61
60
59
57

0.486
0.463
0.443
0.426
0.411
0.397
0.384
0.373
0.362
0.352
0.343
0.335
0.327
0.320
0.314
0.307
0.301
0.296
0.290
0.285
0.280
0.276
0.272
0.267
0.263
0.260
0.256
0.253
0.249
0.246
0.243
0.240
0.237
0.234
0.232
0.229
0.226
0.224
0.222
0.219
0.217

19.1
18.2
17.5
16.8
16.2
15.6
15.1
14.7
14.3
13.9
13.5
13.2
12.9
12.6
12.3
12.1
11.9
11.6
11.4
11.2
11.0
10.9
10.7
10.5
10.4
10.2
10.1
9.9
9.8
9.7
9.6
9.4
9.3
9.2
9.1
9.0
8.9
8.8
8.7
8.6
8.6
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AC Limb DIA_ac DIA_ac
Fill
Actual Actual
Factor
m
in
0.96
0.506
19.9
0.482
19.0
0.462
18.2
0.444
17.5
0.428
16.8
0.413
16.3
0.400
15.7
0.388
15.3
0.377
14.8
0.367
14.5
0.358
14.1
0.349
13.7
0.341
13.4
0.334
13.1
0.327
12.9
0.320
12.6
0.314
12.4
0.308
12.1
0.302
11.9
0.297
11.7
0.292
11.5
0.287
11.3
0.283
11.1
0.279
11.0
0.274
10.8
0.270
10.6
0.267
10.5
0.263
10.4
0.260
10.2
0.256
10.1
0.253
10.0
0.250
9.8
0.247
9.7
0.244
9.6
0.241
9.5
0.239
9.4
0.236
9.3
0.233
9.2
0.231
9.1
0.229
9.0
0.226
8.9

6

Calculate FCL Steady State Conditions:
Compute the maximum allowable Voltage Drop per phase:

VD =

VD ss max
1
V LTG =
6351 = 63.5 Volts
100
100

(14)

Compute the new line current with 1% VD drop due to FCL insertion impedance:

1 ö
æ VD
ö
æ
I FCLss = I SS ç1 - SS max ÷ = 1250ç1 ÷ = 1250 * 0.99 = 1237.5 A
100 ø
è 100 ø
è

(15)

Compute the FCL maximum allowable phase impedance at Steady State:

Z FCLss =

VD
63.5
=
= 0.0513 W
I FCLss 1237.5

(16)

Compute the FCL maximum allowable phase inductance at Steady State:

LFCLss =

Z FCLss 0.0513
=
= 163.4 µH
2pf
2 p 50

(17)

Compute the total circuit impedance:

Z TOTAL =

VLTG
6351
=
= 5.13 W
I FCLss 1237.5

(18)

Summary Table:
Voltage Drop maximum per phase
New Steady State Current (with FCL)
Steady State FCL allowable Impedance
Steady State FCL allowable Inductance
Total Circuit Impedance

63.5
1237.5
0.051
163.4
5.13
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7

Calculate Air-Core Inductance:
The air-core inductance of a single AC coil, as shown in figure below, can be
approximated by the following equation:
2
n AC
ACOIL
µ0
!
µ 0 = 4p ´ 10 -7

L Air =

(19)

ID

Acoil

l

FIGURE 1: Air-Core Inductance
The same AC coil, with an iron-core of cross section Acore inserted (see figure below,)
will have the following inductance:

LAC =

2
ù
nAC
ACOIL é ACORE
(µR - 1) + 1ú
µ0 ê
!
ë ACOIL
û

(20)

where µR is the relative permeability of the iron core.
If we define the Fill-Factor (FF), as the ratio of the core cross section to the coil cross
section:

éA
ù
FF = ê CORE ú
ë ACOIL û

(21)
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Then we can write the iron-core coil impedance as:

LAC = LAir [FF (µ R - 1) + 1]

(22)

The designer shall try to force the Fill Factor as close as possible to one, i.e. wind the
coil as tight as possible around and core, and maintain the relative permeability of the
cores as close as possible to one, i.e. fully saturated.

ID

ACore

l

Air-gap

FIGURE 2: Iron-Core Inductance
Compute now the maximum allowable air-core inductance for a given Fill Factor and
core relative permeability:
Assume a radial Air-gap (see Figure 2) of 1 (one) inch:
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Air _ gap = 1" = 0.0254 m
Find the AC coil internal diameter:

ID ACcoil = Core OD + 2 Air_gap = 0.409 m
Assign a radial thickness of the Copper conductor

rCu = 2.8" = 0.071 m
Find the AC coil mean diameter:

MDACcoil = ID ACcoil + rCu = 0.480 m
Find the AC coil Area:

Area ACcoil =

2
p MDAC
coil

4

= 0.181 m 2

Compute Fill Factor:

é A
ù 0.0926
FF = ê CORE ú =
= 0.513
ë Area ACcoil û 0.181
Assume a core relative permeability:
This low number comes from the ability of the HTS coil to fully saturate the AC limbs.
µR = 1.15

Compute now the maximum allowable air-core inductance for each coil:

L Air =

LAC
163.4
=
= 76 µH
2[FF (µ R - 1) + 1] 2[0.513(1.15 - 1) + 1]

We assume that 2 coils in series equally contribute to the maximum steady state
inductance of 163.4 microH.
Compute the coil number of turns per unit length and the coil pitch:
In this example we assume nAC = 20. See table below for possible combinations.
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n AC
µ0 LAir
µ L FF
Turns
=
= 0 Air
= 16.7
!
nac AACcoil
nac ACORE
m
Coil pitch =

1
= 60mm
n AC
!

Compute the Coil Electrical Height:

H ACcoil = Coil pitch n AC = 60 x 20 = 1200mm = 1.2m
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The following combinations are possible:

Nac

Aac
m2

DIA_ac
Actual
m

AC Coil
Mean
DIA
m

AC Coil
Area
m2

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

0.1853
0.1685
0.1544
0.1425
0.1324
0.1235
0.1158
0.1090
0.1029
0.0975
0.0926
0.0882
0.0842
0.0806
0.0772
0.0741
0.0713
0.0686
0.0662
0.0639
0.0618
0.0598
0.0579
0.0562
0.0545
0.0529
0.0515
0.0501
0.0488
0.0475
0.0463
0.0452
0.0441
0.0431
0.0421
0.0412
0.0403
0.0394
0.0386
0.0378
0.0371

0.506
0.482
0.462
0.444
0.428
0.413
0.400
0.388
0.377
0.367
0.358
0.349
0.341
0.334
0.327
0.320
0.314
0.308
0.302
0.297
0.292
0.287
0.283
0.279
0.274
0.270
0.267
0.263
0.260
0.256
0.253
0.250
0.247
0.244
0.241
0.239
0.236
0.233
0.231
0.229
0.226

0.628
0.604
0.584
0.566
0.550
0.535
0.522
0.510
0.499
0.489
0.480
0.471
0.463
0.456
0.449
0.442
0.436
0.430
0.424
0.419
0.414
0.409
0.405
0.400
0.396
0.392
0.389
0.385
0.381
0.378
0.375
0.372
0.369
0.366
0.363
0.360
0.358
0.355
0.353
0.350
0.348

0.310
0.287
0.268
0.251
0.237
0.225
0.214
0.204
0.196
0.188
0.181
0.174
0.168
0.163
0.158
0.153
0.149
0.145
0.141
0.138
0.135
0.132
0.129
0.126
0.123
0.121
0.119
0.116
0.114
0.112
0.110
0.109
0.107
0.105
0.104
0.102
0.101
0.099
0.098
0.096
0.095

Maximu
m AirCore
Fill
Inductan
Factor
ce per
COIL/CO
COIL
RE
microH
0.598
75
0.587
75
0.577
75
0.567
75
0.558
75
0.549
75
0.541
76
0.534
76
0.526
76
0.519
76
0.513
76
0.506
76
0.500
76
0.494
76
0.489
76
0.483
76
0.478
76
0.473
76
0.468
76
0.463
76
0.459
76
0.454
76
0.450
77
0.446
77
0.442
77
0.438
77
0.434
77
0.430
77
0.427
77
0.423
77
0.420
77
0.416
77
0.413
77
0.410
77
0.407
77
0.404
77
0.401
77
0.398
77
0.395
77
0.392
77
0.389
77
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# Turns
per meter

AC pitch
mm

Coil
Height
m

19.3
18.9
18.6
18.3
18.1
17.8
17.6
17.3
17.1
16.9
16.7
16.5
16.3
16.1
16.0
15.8
15.6
15.5
15.3
15.2
15.1
14.9
14.8
14.7
14.5
14.4
14.3
14.2
14.1
14.0
13.8
13.7
13.6
13.5
13.4
13.3
13.3
13.2
13.1
13.0
12.9

52
53
54
55
55
56
57
58
58
59
60
61
61
62
63
63
64
65
65
66
66
67
68
68
69
69
70
71
71
72
72
73
73
74
74
75
75
76
76
77
78

0.519
0.581
0.644
0.709
0.775
0.842
0.911
0.981
1.052
1.124
1.198
1.272
1.348
1.425
1.503
1.582
1.662
1.743
1.825
1.908
1.993
2.078
2.164
2.251
2.339
2.429
2.519
2.610
2.702
2.795
2.888
2.983
3.079
3.175
3.273
3.371
3.471
3.571
3.672
3.774
3.876

Appendix

D

Patents applications associated with this work
AU2012/000090
US8564921 B2
IP0146

Fault current limiter with shield and adjacent cores
(Darmann, Hodge and Moriconi)
FCL with electromagnetic shield around the cores/primary
windings.

GB1109743.3
Compact permanent magnet fault current limiter
WO 2012167330 A1 (Darmann and Hodge)
IP0149
Oil immersed open core FCL using permanent magnets to
provide the saturating flux.
GB1109741.7
US 9595380 B2
IP0152

Fault current limiter - tapered core (Darmann and Hodge)
Oil immersed open-core FCL using conventional solenoid(s) to
provide the saturating flux. “mFCL”

AU2011905130
IP0100

Fault current limiter (Darmann and Hodge)
Oil immersed closed core mFCL using conventional solenoid(s)
to provide the saturating flux.

WO 2012139167A1 A Fault Current Limiter (Darmann, Hodge, Moriconi, Nelson,
Ali)
Oil immersed open-core FCL
WO 2014142949

Fault current limiter (Darmann and Hodge)
Oil immersed closed core mFCL using conventional solenoid(s)
and (or) permanent magnets to provide the saturating flux.
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